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Abstract 
Selective hydrogenation of a multi-functional compound to achieve high yield of 
a particular product is often involved in the production of fine chemicals and 
pharmaceuticals.  The control of selectivity can be difficult and can be affected 
by a number of variables such as the interaction of the reactants and 
intermediates with the catalyst, the particle size, promoters, steric factors and 
adsorption geometries.  In this study, two selective hydrogenation reactions 
were studied namely the gas-phase hydrogenation of furfural to furfuryl alcohol 
and liquid-phase hydrogenation of 4-nitroacetophenone. 
The hydrogenation of furfural is the sole production route for furfuryl alcohol 
which is used widely in the chemical industry.  However, a variety of products 
can be formed through the hydrogenation of furfural depending on the catalyst 
used.  The industrial process is conducted at high temperature and pressure 
using a copper chromite catalyst.  However, the main drawback of this method 
is the toxicity of the catalyst.   
In this study, silica supported copper catalysts proved to be active and selective 
alternative catalysts for the hydrogenation of furfural to furfuryl alcohol.  The 
higher the copper loading the greater the furfural conversion as more Cu sites 
were present with both catalysts achieving 98% selectivity for furfuryl alcohol.  
Ceria was investigated as a promoter for copper catalysts and the incorporation 
of 1% CeOx was found to enhance the selectivity towards furfuryl alcohol.  The 
presence of Ce3+ sites was thought to polarise the carbonyl bond facilitating 
nucleophillic attack by dissociated hydrogen present on Cu.  However, 5% CeOx 
promoter was found to reduce the selectivity of the catalyst possibly by the 
blocking Cu active sites.   
Pd was also investigated as a promoter was found to enhance the activity and 
selectivity of the catalyst as it activated hydrogen allowing for more facile 
hydrogenation of the carbonyl group. 
Cu1132, a BASF copper-chromite catalyst used for the production of furfuryl 
alcohol by hydrogenation of furfural exhibited moderate activity but excellent 
selectivity towards furfuryl alcohol (almost 100%). 
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For all catalysts, deactivation was observed over time on stream mainly due to 
carbon laydown.  Polyaromatic coke formation on the surface of copper catalysts 
blocked pores and significantly reduced the activity of the catalyst.  5% Cu + 5% 
CeOx/SiO2 catalyst showed a slow deactivation compared to all of the other 
catalysts and post-reaction XRD suggested sintering was the cause of 
deactivation.  TPD of 5% Cu + 1% CeOx/SiO2 showed desorption of furfural, 2-
methylfuran and furan suggesting that the catalyst was poisoned causing 
deactivation.   
An important reaction in the pharmaceutical industry is the hydrogenation of 4-
nitroacetophenone (4-NAP) which yields 4-aminoacetophenone (4-AAP); a 
chemical intermediate used in the production of the hypoglycemic drug 
acetohexamide.  Further hydrogenation of the carbonyl group yields 1-(4-
aminophenyl)ethanol (4-APE) which can be dehydrated to give a substituted 
styrene that can be polymerised.  As the consecutive hydrogenation of 4-NAP has 
not been the subject of significant study, this reaction was systematically 
investigated using a series of Rh/SiO2 catalysts.   
Functional group hydrogenation followed the order NO2 >> C=O > Ph > OH  with 
the nitro group being hydrogenated approximately an order of magnitude faster 
than the carbonyl group, while hydrogenation of either the phenyl ring or the 
alcohol function is a factor of two slower than carbonyl hydrogenation.  This 
combination of kinetic controls allows high selectivity to 4-AAP (99%) and 4-APE 
(94%) to be achieved at different times in the reaction.  The presence of 4-NAP 
inhibits 4-AAP hydrogenation due to strong adsorption of the 4-NAP while 
deuterium studies revealed the presence of a kinetic isotope effect for both 4-
NAP and 4-AAP.  Full kinetic analysis of the reaction system gave activation 
energies of ~48 kJ mol-1 for 4-NAP and 4-AAP hydrogenation, with orders of 
reaction of ~1 for hydrogen and a zero order dependence for 4-NAP. 
Although 4-NAP inhibits 4-AAP hydrogenation when present, 4-AAP hydrogenation 
is faster after 4-NAP hydrogenation than over a fresh catalyst.  The reason for 
this may be that 4-NAP adsorption causes a surface reconstruction which allows 
easier hydrogen transfer or sub-surface hydrogen.  
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The hydrogenation of both 4-NAP and 4-AAP showed an antipathetic particle size 
effect with an increase in TOF with increasing metal crystallite particle size.  
This suggests that the hydrogenation reaction takes place on the plane face 
surface as opposed to edge and corner sites.  However the electronic changes in 
small metal particles of this size are also significant and it is likely that the 
antipathetic particle size effect is a combination of both an electronic and 
geometric effect. 
Addition of 4-methylcyclohexylamine (4-MCHA) to 4-NAP and 4-AAP 
hydrogenation systems results in an enhancement of rate for both reactants.  For 
4-NAP hydrogenation, this is due to electron donation from the acyclic amine 
causing a reduction of the reactant-surface bond strength since it is clear that 4-
NAP forms a strong bond to the surface as shown by the zero order kinetics and 
the inhibition of 4-AAP hydrogenation, a reduction in the strength of 4-NAP 
adsorption would enhance the rate of 4-NAP hydrogenation.  However, 4-AAP is 
not strongly bound to the surface so a weakening the carbonyl interaction is 
unlikely to lead to an enhanced rate.  Just as the rate enhancement observed for 
4-AAP hydrogenation after 4-NAP hydrogenation has been attributed to changes 
in hydrogen concentration in the rhodium by strong adsorption of 4-NAP, 4-MCHA 
is also strongly adsorbed which means it may promote 4-AAP hydrogenation by a 
similar process. 
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1 
1 Introduction 
1.1 Background 
The production of fine chemicals and pharmaceuticals often involves the 
selective hydrogenation of a multi-functional compound and commonly a high 
yield of a specific intermediate is required to form a range of other products.  A 
typical example of such a transformation is the selective hydrogenation of an 
unsaturated aldehyde to the corresponding unsaturated alcohol [1,2].  
Hydrogenation of a carbonyl group is not in itself difficult, however it is difficult 
to obtain the desired product when another functional group is present due to 
side reactions such as hydrogenation of the C=C bond which is 
thermodynamically favoured over the hydrogenation of the carbonyl group [3].  
Hydrogenation of these compounds has been studied over a variety of catalysts, 
for example using copper-chromite catalysts [4-6], as copper will preferentially 
hydrogenate the carbonyl group [6] whereas noble metals such as platinum 
favour hydrogenation of the unsaturated carbon bonds [7].  The ability to 
achieve high selectivity depends on understanding the process and the 
interaction of the reactants and intermediates with the catalyst.  The following 
examples show how the particle size, promoters, steric factors and adsorption 
geometries influence selectivities.  Acrolein (AC), is the simplest α,β-
unsaturated aldehyde and may be hydrogenated to form allyl alcohol (AOL), 
propanal (PA) and n-propanol (nPOL) as shown in figure 1.1. 
Figure 1.1 Hydrogenation of acrolein 
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The selective hydrogenation of acrolein to allyl alcohol has been studied using 
silica supported silver catalysts.  The formation of allyl alcohol over propanal 
was found to increase with increasing particle size suggesting that the 
orientation of acrolein on the plane face surface of Ag crystals favoured allyl 
alcohol production [8]. 
The selectivity to the unsaturated alcohol was found to be governed by the 
nature of the active metal, metal particle size [9], support effects [10,11] and 
the presence of promoters or bimetallic phases [12,13].  A study compared the 
hydrogenation of crotonaldehyde and furfural using a copper chromite catalyst 
and found copper to an active metal for furfuryl alcohol production but 
exhibited a poor selectivity (~3%) for crotyl alcohol [14]. 
The effect of promoters was revealed when CeO2 and MgO were studied as 
promoters for ruthenium catalysts used for gas-phase hydrogenation of 
crotonaldehyde and liquid-phase hydrogenation of citral [15].  MgO did not 
influence selectivity however the presence of CeO2 greatly enhanced selectivity 
for the production of unsaturated alcohols.  Ceria can act as a promoter and a 
reducible support.  Its unique ability to store and release oxygen (redox 
property) makes it attractive for oxide catalysts because it can provide Lattice 
oxygen and prevent the sintering of noble metals [16,17].  The enhancement in 
selectivity to the unsaturated alcohols was attributed to the presence of Ce3+ 
sites capable of polarising the carbonyl bond facilitating nucleophillic attack by 
dissociated hydrogen present on Ru [15-17]. 
Many studies examining α,β-unsaturated aldehyde hydrogenation have shown 
that bulky substituents facilitate high selectivity to unsaturated alcohols [2,18-
20].  Not only can the substituents sterically hinder the interaction of C=C bonds 
with the surface of the catalyst but they may also have an inductive effect that 
deactivates the C=C bond, as was found for the hydrogenation of 
cinnamaldehyde (CA) (shown in figure 1.2), where excellent selectivity (80-90%) 
to cinnamyl alcohol (COL) was achieved using platinum [21], ruthenium [22], and 
cobalt catalysts [23]. 
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Figure 1.2 Hydrogenation of cinnamaldehyde 
 
Further hydrogenation of both HCA and COL produced phenyl propanol (POL).  
Larger particles were found to give a higher selectivity to COL and this was 
attributed to steric effects [22], where the phenyl group prevents the close 
approach of the C=C to the surface of a large particle so that the molecule is 
tilted with C=O closer to the surface and therefore more easily activated [24].  
For smaller particles there is nothing to hinder the approach of the phenyl group 
and so it is more easily hydrogenated resulting in low selectivity to COL. 
Adsorption geometries reportedly controlled the competitive hydrogenation of 
the aromatic ketone acetophenone.  Competitive hydrogenation between the 
phenyl and carbonyl groups was investigated using Pt catalysts and found that 
pre-treatment conditions had a significant effect on the selectivity [25].  The 
effect of substituent on the hydrogenation of substituted acetophenones has 
been studied over nickel and cobalt catalysts [26] and in that study the choice of 
metal was found to be crucial as the electronic and steric effects of the 
substituents were greater using the nickel catalyst.  This behaviour was 
suggested to be related to the strength of adsorption and the difference in d-
electron density of the metals [26]. 
As can be seen from the above examples the control of selectivity can be 
difficult and be affected by a number of variables.  In this study, two selective 
hydrogenation reactions were studied namely the gas-phase hydrogenation of 
furfural to furfuryl alcohol, and liquid-phase hydrogenation of 4-
nitroacetophenone.  The hydrogenation of furfural can produce various products 
  
4 
depending on the catalyst and reaction conditions used.  In this study we have 
focused on the gas phase reaction over copper catalysts.  The selective 
hydrogenation of 4-nitroacetophenone (4-NAP) has received little attention 
however the ability to selectivity produce 4-aminoacteophenone (4-AAP) or 1-(4-
aminophenyl)ethanol (4-APE) (both of which are employed in a variety of 
applications) is typical of many liquid phase hydrogenations in the fine chemical 
industry. 
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1.2 Hydrogenation of furfural 
Furfural is obtained from the dehydration of pentoses, five-carbon sugars, such 
as xylose and arabinose, commonly obtained by acid-catalysed digestion of 
hemicellulose-rich agricultural wastes [27]. It has received much attention 
recently as it can be upgraded to provide valuable biofuel components [28-34].  
Hydrogenation remains the most versatile reaction to upgrade furanic 
components to biofuels [31]. 
Hydrogenation of furfural is also the sole production route for furfuryl alcohol 
which is widely employed in the chemical industry [35-39].  It is mainly used in 
the manufacture of synthetic fibres, rubbers, resins and farm chemicals [35,36].  
Additionally, it is used as a chemical intermediate during the manufacture of 
lysine, vitamin C and lubricants [37-39].  Depending on the catalyst employed, 
the hydrogenation of furfural can yield a variety of products, such as furfuryl 
alcohol, 2-methylfuran, furan, tetrahydrofuran, tetrahydrofurfuryl alcohol and 
even ring-decomposition products, such as pentanols and pentanediols.  The 
possible hydrogenation products of furfural are shown in figure 1.3. 
Figure 1.3 Plausible reaction scheme for furfural hydrogenation [40] 
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The hydrogenation of furfural to furfuryl alcohol can be carried out in either 
liquid or vapour-phase [41-43].  A high yield (>96%) of furfuryl alcohol has been 
reported through liquid phase batch hydrogenation using a copper chromite 
catalyst (CuCr2O4-CuO) with and without alkali-earth metal oxide promoters such 
as CaO, BaO or ZrO [44].  Typically, liquid phase hydrogenation is conducted 
using mild temperatures (<180°C) but at high hydrogen pressure (70-100 barg) 
[45-48].  Vannice et al. found that copper chromite catalyst, pre-treated at 
300°C, converted 64% of furfural with 70% selectivity for furfuryl alcohol [14].  
The main drawback of this method is the toxicity of the catalyst due to the 
presence of CrO3 [39].  Furthermore, new environmental restrictions state that 
deactivated copper chromite catalyst cannot be used in landfill sites [41].  
Therefore, it is important to design an environmentally friendly, active and 
selective catalytic system for obtaining furfuryl alcohol.   
The hydrogenation of furfural in the liquid-phase has been studied extensively 
using supported metal and amorphous alloys as catalysts such as Cu, Ni, Mo, Co, 
Pt, Rh, Ru and Pd [14,38,39,42,50-54] and Ni-P, Ni-B and Ni-P-B ultrafine 
materials [55].  
In 1923, platinum was identified as an active catalyst for furfural hydrogenation 
[56].  However, supported active palladium oxide has been found to catalyse 
undesired side reactions such as hydrogenolysis, decarbonylation, hydrogenation 
of the furan ring and ring opening.  Kijenski et al. have reported the effect of 
covering supported Pt catalysts with a monolayer of transition metal oxide [38]. 
It was found that silica supported Pt covered with partially reducible titania 
achieved 93.8% selectivity for furfuryl alcohol at atmospheric pressure and 
temperatures between 150 and 300 °C.  Where electron-rich surfaces such as 
MgO meant weak adsorption of the equally electron-rich substrate promoting 
furfural conversion, strong adsorption occurred on electron-deficient surfaces 
such as γ-Al2O3 enabling polymerisation and condensation. 
In the vapour-phase hydrogenation of furfural the products that can be produced 
are furfuryl alcohol, 2-methylfuran and tetrahydrofurfuryl alcohol.  These arise 
from the reduction of the C=O group and/or the furan ring [57].  Secondary 
reactions such as hydrogenolysis of the C=O bond, decarbonylation or furan ring 
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opening may occur [41].  The formation of some condensation products of high 
molecular weight has also been reported [38]. 
Gas-phase hydrogenation of furfural requires much milder conditions than the 
Liquid-phase reaction and Cu has been studied extensively for this process and 
found to exhibit high activity and selectivity to furfuryl alcohol 
[39,42,49,50,52,54,57,58].  A comparison of silica supported Cu, Pd and Ni 
catalysts for furfural reactions was conducted by Sitthisa and Resasco [50].  At 
atmospheric pressure and between 210-290°C, high selectivity towards furfuryl 
alcohol was obtained using Cu/SiO2 with 2-methylfuran the only by-product.  
Pd/SiO2 promoted decarbonylation to produce furan which could further react 
with hydrogen to form tetrahydrofuran (THF).  Finally, over Ni/SiO2 catalyst ring 
opening products such as butanal, butanol and butane were formed.  The 
strength of interaction of the furan ring was found to follow the trend Ni > Pd >> 
Cu and the formation of only the η1-aldehyde intermediate on the Cu surface 
[60] was reported to be responsible for the high selectivity towards alcohol 
formation.   
Figure 1.4 η1-(O)-aldehyde on Cu surface 
 
However, the most likely intermediate on Ni and Pd surfaces was thought to be 
the η2-adlehyde [61], which can react further with hydrogen to produce either 
the corresponding alcohol, or decompose to form the acyl intermediate which 
results in the formation of furan.  This means that the selectivity towards 
furfuryl alcohol was much lower for both Pd and Ni catalysts. 
Figure 1.5 η2-(C-O-)aldehyde and acyl species on Pd and Ni surfaces 
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The addition of a second metal or promoter has also been found to improve 
activity and/or selectivity [39,54] by increasing the surface area or acting as a 
Lewis acid site to polarise the C=O bond.  Ni or Co systems containing Mo 
promoter [59], Ni-Fe, Cu-Ca bimetallic catalysts and Cu-MgO with Co, Zn, Fe, Cr, 
Pd or Ni promoters have shown high selectivity (98%) and furfural conversion 
(~100%). 
Ce-promoted Ni-B amorphous catalyst has been studied for liquid phase 
hydrogenation of furfural to furfuryl and found to be more active and selective 
than Ni-B [62].  An optimum loading of Ce was determined and the Ce3+ species 
was thought to act as a Lewis acid site which would polarise the carbonyl group 
facilitating nucleophilic attack by hydrogen dissociatively adsorbed on 
neighbouring Ni active sites [63].  If the Ce content was too high, too many Ni 
active sites were covered and the catalyst was less active. 
Cu-MgO coprecipitated catalysts with various Cu Loadings were studied for 
vapour-phase hydrogenation of furfural with 98% activity and selectivity 
achieved using 16 wt.% Cu [39].  In this study, Rao et al. proposed that both Cu0 
and Cu+ species were required for optimum catalytic performance as catalysts 
with higher Cu loading, containing more Cu2+, were found to be less active.  
However, there have been two problems identified with gas-phase 
hydrogenation, the first being the production of 2-methylfuran by-product at 
high furfural conversion [44].  Cu-based catalysts operated at high temperature 
(200-300˚C) and low pressure (~1 bar) and a H2:furfural molar ratio of 5-8 have 
reportedly shown high selectivity to 2-methylfuran [64].  Studies of reaction 
pathways have indicated that furfural is converted to furfuryl alcohol and 
subsequent dehydration forms 2-methylfuran [39,41,49,50,65].  An alternative 
reaction pathway for furfural hydrogenation to by-products is shown in figure 
1.6. 
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Figure 1.6 Alternative reaction pathway for furfural hydrogenation 
 
An active alternative to copper chromite catalysts has not yet been developed as 
most catalysts have been reported unsuitable due to their rapid deactivation 
[27,66-68].  Deactivation has been observed in all previous studies of furfural 
hydrogenation [14,41,42,64], and various causes have been proposed, such as 
poisoning of the catalyst by either a reaction intermediate or by-product, the 
formation of coke on the catalyst surface, a change in the oxidation state of 
copper during the reaction or sintering of the catalyst under reaction conditions.   
Catalyst deactivation has been found to enhance selectivity in other reactions, 
e.g. in the hydrogenation of nerol to citronellol using a Rh/Al2O3 catalyst [69].  
Figure 1.7 shows the possible products of nerol hydrogenation and it is clear that 
citronellol is only one of a number of possible products. 
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Figure 1.7 Reaction pathways for hydrogenation of nerol 
 
Decarbonylation of nerol was found to cause catalyst fouling and a subsequent 
decrease in surface area.  This inhibited consecutive hydrogenation of citronellol 
to form 3,7-dimethyloctanol and isomerisation forming cis-3,7-dimethyl-2-
octenol.   
Contrastingly, catalyst deactivation can have a detrimental effect on the 
selectivity of a reaction and this has been observed for the selective 
hydrogenation of 4-isobutylacetophenone (4-IBAP) to 1-(4-isobutylphenyl) 
ethanol (4-IBPE) which is an intermediate reaction step involved in the synthesis 
of ibuprofen [70].  Consecutive hydrogenolysis of 4-IBPE to 4-
isobutylethylbenzene (4-IBEB) and the product of oligomers causes catalyst 
fouling and a reduction in 4-IBPE selectivity [71]. 
Nevertheless selective poisoning of copper catalysts has been used to achieve 
higher selectivity, for example in the production of crotyl alcohol through the 
hydrogenation of crotonaldehyde [72-77].  A 5% Cu/Al2O3 catalyst was found to 
preferentially produce 1-butanol however, once dosed with thiophene the 
product distribution favoured crotyl alcohol formation [72].  It was thought that 
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modification of the catalyst using sulphur compounds formed Cu-S and Cu+-S 
sites which were more selective for the hydrogenation of the carbonyl bond than 
hydrogenation of the C=C bond.  Whereas, silica supported Pd-Cu alloy catalyst 
treated with thiophene has been tested and showed no selectivity towards crotyl 
alcohol [77].  It was reported that thiophene preferentially poisoned the Cu 
which left active Pd sites which favoured hydrogenation of the C=C bond. 
Therefore the aim of this study was to investigate the extent and cause of 
deactivation of copper-based catalysts for the selective hydrogenation of 
furfural to furfuryl alcohol.  The reactions were conducted in gas-phase and the 
reaction parameters optimised to give the highest activity and selectivity to 
furfuryl alcohol.  Ceria was investigated as a catalyst promoter to determine if it 
can be used to improve the yield of furfuryl alcohol and/or improve resistance to 
the mechanism of deactivation. 
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1.3 Hydrogenation of 4-nitroacetophenone 
An important reaction in the pharmaceutical industry is the hydrogenation of 4-
nitroacetophenone (4-NAP).  It has three functional groups that can be 
hydrogenated: the nitro group, the carbonyl group and the benzene ring.  
Hydrogenation of the nitro group yields 4-aminoacetophenone (4-AAP) which is 
used in the production of flavaniline and acetohexamide; an oral hypoglycemic 
drug [78,79].  Subsequent hydrogenation of the carbonyl present in 4-AAP 
produces 1-(4-aminophenyl) ethanol (4-APE) which can be dehydrated to give a 
substituted styrene that can be polymerised [80].  Figure 1.8 shows the full 
hydrogenation profile for this reaction and includes the formation of 1-(4-
cyclohexylamine)ethanol (4-ACHE), 4-ethylaniline (4-EA) and 4-
ethylcyclohexylamine (4-ECHA). 
Figure 1.8 Reaction scheme for 4-NAP hydrogenation 
 
Hydrogenation of a nitro-substituted aromatic compound and the hydrogenation 
of aromatic ketone often involve the use of either platinum or palladium 
catalysts.  Colloidal rhodium and palladium catalysts have been studied for the 
hydrogenation para-substitued nitrobenzenes to the corresponding amines [81].  
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The catalytic performance of rhodium was reportedly affected by the electron 
donating or withdrawing properties of the substituents, and by the presence of 
an acid or base, however the performance of the palladium catalyst remained 
unchanged.  The reduction of acetophenone, an aromatic ketone, can be carried 
out using various catalysts such as platinum, palladium, ruthenium and nickel 
systems [82-92].  The competitive hydrogenation of C=O and C=C bonds has been 
studied using both oxidised and reduced Pt/SiO2 catalysts.  The reaction network 
for acetophenone hydrogenation is shown in figure 1.9. 
Figure 1.9 Hydrogenation of acetophenone 
 
The hydrogenation of acetophenone can produce various products including 1-
phenylethanol (PE), ethylbenzene (EB), 1-cyclohexylethanol (CE), 
acetylcyclohexane (AC) and ethylcyclohexane (EC).  The observed 1-
phenylethanol selectivity (83%) for reduced Pt/SiO2 catalyst was reportedly due 
to fragments from AP dissociation inhibiting the interaction of the phenyl group 
with the Pt surface [25] and therefore reducing CE formation.  The strong 
adsorption of PE on the Pt surface also suppressed phenyl group hydrogenation.  
Whereas, the oxidised Pt/SiO2 was found to activate the C=O group and EB was 
formed preferentially over CE. 
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Acetophenone hydrogenation has also been studied using 5% Pd/C and 5% 
Rh/Al2O3, and it was found that a high yield of 1-phenylethanol was achieved 
using the palladium catalyst (~99.9%) whereas significant hydrogenation of the 
aromatic ring was observed when the rhodium catalyst was used [90]. 
Multi-functional compounds such as nitro aromatics containing a ketonic function 
can be selectively reduced to form an amino ketone.  This has been 
demonstrated by the derivation of Mannich bases from 4-nitroacetophenone (4-
NAP) which were reduced using 5% Pd/C in methanol to form 4-
aminoacetophenone (4-AAP) [94] .  Hawkins and Makowski [95] have used 
parallel screening to study three separate Pd catalyst formulations and identify 
the optimum reaction conditions to achieve high selectivity for 4-AAP, 4-APE and 
4-EA respectively.  A 5% Pd/CaCO3/Pb catalyst was used at low hydrogen 
pressure showed 97% selectivity for 4-AAP.  At 7 bar hydrogen pressure, 10% 
Pd/C exhibited 95% selectivity towards 4-APE, and this catalyst dosed with 1.1 
molar equivalent of methanesulphonic acid (MsOH) achieved 99% 4-EA 
selectivity. 
Jackson and co-workers studied a 1% Pd/C for the hydrogenation of 2-, 3- and 4-
nitroacetophenone to the respective aminoacetophenone.  Hydrogenation of 3-
NAP exhibited the highest rate of reaction owing to the cooperative position of 
the electron-withdrawing nitro and carbonyl groups.  The slowest rate was 
observed for 2-NAP however, a nitrogen insertion product, indolinone, was 
formed which suggested the presence of a CH3COPhN(a) species on the surface 
[96]. 
Figure 1.10 Hydrogenation of 2-nitroacetophenone (2-NAP) 
 
Rhodium catalysts have been used for the hydrogenation of p-toluidine which 
contains two functional groups namely; an aromatic ring which can be 
hydrogenated and an amine group which can be cleaved, like 4-ethylaniline (4-
EA).  An antipathetic size effect was observed as the turnover frequency (TOF) 
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increased with increasing crystal size suggesting that plane face surface atoms 
were active sites for ring hydrogenation [97].  Hindle et al. also noted that the 
presence of 4-methylcyclohexylamine (4-MCHA) inhibited p-toluidine 
hydrogenation as the lone pair on the nitrogen atom forms a strong bond to the 
active metal [98]. 
More recently, a study of 3-nitroacetophenone (3-NAP) hydrogenation using 
~2.3% Rh/SiO2 catalysts showed that high selectivity to 3-aminoacetophenone (3-
AAP) and 1-(3-aminophenyl)ethanol (3-APE) could be achieved.  3-AAP is used as 
food flavouring and in synthesising pharmaceutical intermediates such as 
adrianol, and zaleplon [85].  Earlier studies [99-102] focussed on the 
hydrogenation of 3-NAP to 3-AAP only, and did not consider the full reaction 
profile.  3-APE is a useful intermediate in the synthesis of polyester dyestuffs 
[88].  An antipathetic particle size effect was reported in this study as turnover 
frequency increased with an increase in the size of the metal crystallites, and it 
was suggested that the reaction took place on plane face surfaces of the Rh 
crystals [103].     
The hydrogenation of 4-nitroacetophenone (4-NAP) has not been the subject of 
significant study and is not covered well in the heterogeneous catalysis 
literature.  Moreover, none of the previous work examined the consecutive 
hydrogenation of 4-NAP to 4-aminoacetophenone (4-AAP) and 4-ethylaniline as 
shown in figure 1.8. 
In the present study, the hydrogenations of 4-NAP and 4-AAP were investigated 
over a series of Rh/SiO2 catalysts.  As little literature exists surrounding this 
reaction over heterogeneous catalysts, a systematic study was carried out to 
investigate the effect of temperature, pressure and reactant concentration.  The 
competitive hydrogenation between 4-NAP and 4-AAP was also investigated as 
was the effect of an alicyclic amine (4-methylcyclohexylamine) on the reaction 
activity and selectivity.  The catalyst series varied in metal crystallite size and 
silica support pore size, so metal particle size effects and pore size effects have 
been investigated.  Reactions were also carried out using deuterium instead of 
hydrogen to determine the role of hydrogen in the rate determining step. 
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2 Aims 
2.1 Gas-phase hydrogenation 
The aim of this study was to investigate the extent and cause of deactivation of 
copper-based catalysts for the selective hydrogenation of furfural to furfuryl 
alcohol. 
Figure 2.1 Hydrogenation of furfural to furfuryl alcohol 
 
The reactions were conducted in gas-phase and the reaction parameters 
optimised to give the highest activity and selectivity to furfuryl alcohol.  Ceria 
was investigated as a catalyst promoter to determine if it can be used to 
improve the yield of furfuryl alcohol and/or improve resistance to the 
mechanism of deactivation. 
 
2.2 Liquid-phase hydrogenation 
The aim of this study was to investigate the Liquid-phase hydrogenation of 4-
nitroacetophenone to the corresponding products as shown in figure 2.2.   
  
17 
Figure 2.2 Hydrogenation of 4-NAP 
 
 
 
As little literature exists surrounding this reaction over heterogeneous catalysts, 
a systematic study was carried out to investigate the effect of temperature, 
pressure, concentration and the presence of an aliphatic amine on the progress 
of the reaction.  Reactions were conducted in the liquid-phase, over a series of 
2.5% Rh/SiO2 catalysts and under both hydrogen and deuterium to determine the 
rate determining step. 
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3 Experimental 
The following chapter describes the procedures used during experimentation.  It 
includes the analysis of Liquid samples and reactor design. 
3.1 Gas-phase hydrogenation 
In this section the catalysts, reagents, reactor and analyses used for the gas-
phase hydrogenation experiments are described. 
3.1.1 Catalysts 
A series of silica supported copper catalysts were used for the gas-phase 
hydrogenation of furfural and these are shown in table 3.1.  The catalysts were 
prepared [104] at the University of Glasgow by spray impregnation using nitrate 
precursors and dried at 60°C.  A BASF copper chromite catalyst, Cu1132, used 
industrially for the hydrogenation of furfural to furfuryl alcohol was also tested.  
The exact composition of this catalyst was unknown. 
Table 3.1 Catalysts for gas-phase hydrogenation 
Catalysts 
Cariact Q10 silica 
5% Cu/SiO2 
5% CeOx/SiO2 
5% Cu + 5% CeOx/SiO2 
5% Cu + 1% CeOx/SiO2 
10% Cu/SiO2 
10% Cu + 5% CeOx/SiO2 
10% Cu+ 5% CeOx + 0.05% Pd/SiO2 
Cu1132 
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3.1.2 Characterisation 
Catalyst characterisation was conducted prior to reaction.  Surface area 
determination, thermogravimetric analysis (TGA) and powder X-ray diffraction 
(XRD) were carried out to characterise each catalyst. 
3.1.2.1 Surface area determination 
The surface area and pore size for each catalyst was determined using a 
Micrometrics Gemini III 2375 Surface Area Analyser.  Approximately 0.04 g of the 
catalyst sample was weighed into a glass tube and degassed in a flow of N2 
overnight at 110°C to remove any adsorbed species from the surface. 
Measurements were performed using helium as calibrant and nitrogen as the 
adsorbate at -196°C.  Determining the number of molecules needed to form a 
monolayer is the underlying principle in surface area measurements.  In practice 
however, the molecules may adsorb to form multi-layers.  The surface area was 
calculated using the BET (Brunauer-Emmett-Teller) equation which can be 
expressed as: 
Figure 3.1 The BET equation 
 
Where  P = pressure of the adsorbate gas 
P0 = saturated pressure of adsorbate gas 
V = volume of adsorbed gas 
Vm = volume of monolayer adsorbed gas 
C = BET constant (C = exp
(E
1
-E
L
/RT)
) 
E1 = heat of adsorption on the first Layer 
EL = heat of Liquefaction on second and subsequent Layers 
R = ideal gas constant (8.314 J K-1 mol-1) 
 
Physical adsorption of gas on the surface of the solid is used to determine the 
specific surface area of the powder by calculating the volume of adsorbate gas 
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required to form a monolayer (Vm).  At least three measurements of P/P0 can be 
used to produce a linear plot of 1/V(P0-P) against P/P0 with a gradient equal to 
C-1/VmC and a y-intercept equal to 1/VmC.  Using the gradient and the 
intercept, a value of Vm can be calculated using the following method: 
 
where A and B are the intercept and gradient respectively.  The total surface 
area of the catalyst can be determined using the following equation: 
 
where  N = Avogadro’s constant (6.022 × 1023 mol-1) 
  Mv = Molar volume of adsorbed gas 
  σ = cross-sectional area of adsorbed gas (0.162 m2 for N2) 
 
The surface area per unit weight of catalyst can then be calculated by dividing 
the total surface area by the mass of the catalyst (S = Stotal/m). 
 
3.1.2.2 Thermogravimetric analysis 
Thermogravimetric analysis (TGA) of each catalyst was performed on pre-
reaction samples.  The instrument used was a SDT Q600 series combined TGA, 
DSC instrument with online ESS Evolution Mass Spectrometer.  Approximately 
0.01 g of sample was used.  Each sample was heated from room temperature to 
500°C under an O2/Ar at a flow rate of 100 mL min
-1 and a heating rate of 10°C 
min-1.  These conditions were used to mimic calcination and mass spectrometry 
was used to monitor the species with m/z equal to 18, 28, 44, which usually 
correspond to H2O, CO, and CO2.  Additional species were monitored to 
investigate the decomposition of the nitrate precursor. 
Catalyst samples were also heated from room temperature to 500°C under 
hydrogen, using the same flow and heating rate as before.  Mass spectrometry 
was used to monitor the same species as above. 
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3.1.2.3 Powder x-ray diffraction (XRD) 
XRD analysis was conducted on all catalysts pre-reaction.  The apparatus used 
throughout was a Siemens D5000 X-ray Diffractometer (40 kV, 40 mA) using a 
monochromatised CuK X-ray source (wavelength 1.5418 Å).  The scanning range 
used was 5° < 2 < 80° with a step range size of 0.02° and counting time of 1 s 
per step.   
 
In-situ hot-stage XRD was performed using an Anton Par XRK 900 heated reaction 
chamber.  The unit comprises of a water-cooled, vacuum tight, stainless steel 
chamber with a beryllium window, shown in figure 3.2. 
Figure 3.2 Schematic of hot-stage XRD chamber 
 
The temperature programme was used to heat pre-calcined catalyst samples 
under hydrogen flow from room temperature to 200°C at a rate of 12°C min-1.  
The temperature was held for 2 h to mimic reduction conditions a then a scan 
performed at scan speed 1.  The step size, scanning range and counting time 
were the same as standard XRD analysis. 
From the broadening of the peaks, it is possible to determine an average 
crystallite size by measuring the full width at half maximum (FWHM) of a peak, 
then applying the Scherrer equation: 
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Figure 3.3 The Scherrer equation 
t = K / βcos 
Where: t = Average crystallite size 
  K = Scherrer constant (0.87-1.0, normally taken to be 1.0) 
   = the wavelength of the X-ray (1.5418 Å) 
  β = the breadth of a reflection in radians 2 (FWHM) 
 
This is only an approximation as the results can be influenced by various factors 
such as lattice distortion and instrumental parameters. 
 
3.1.3 Materials 
The following materials, shown in table 3.2, were used in gas-phase 
hydrogenation reactions without further purification. 
Table 3.2 Materials used for gas-phase hydrogenation 
Material Supplier Purity 
Furfural Sigma Aldrich 98% 
Furfuryl alcohol Sigma Aldrich 98% 
2-methylfuran Sigma Aldrich 99% 
Tetrahydrofuran Sigma Aldrich 99% 
Tetrahydrofurfuryl alcohol Sigma Aldrich 99% 
Furan Alfa Aesar 99% 
2-pentanol Sigma Aldrich 98% 
1-butanol Sigma Aldrich 99.4% 
H2 BOC 99% 
N2 BOC 99.98% 
2-propanol Sigma Aldrich >99.5% 
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3.1.4 Reactor 
The gas phase hydrogenation of furfural was carried out in a stainless steel fixed 
bed reactor (600 mm long and 8 mm i.d.) at 5 barg and 200°C.  The gas flow 
rate was controlled by a mass flow controller (Brooks 5850, 0-800 mL min-1  H2, 
max pressure 100 bar) and the Liquid flow controlled by an HPLC (Gilson 307).  
Hydrogen, nitrogen and a 2% O2/Ar were available as gas feed when required. 
The temperature of the reaction was measured using a thermocouple located at 
the outside of the reactor wall positioned at the middle of the reactor tube and 
in line with the catalyst bed.  Control of temperature was achieved by a furnace 
attached to a DMG temperature controller (West 4400, accuracy ±1°C).  Figure 
3.4 is a schematic of the fixed bed reactor used for all experiments. 
Figure 3.4 Schematic of fixed bed reactor 
 
3.1.5 Experimental method 
Each catalyst was calcined prior to reaction by heating over 5 h to 300˚C then 
holding at this temperature for 16 h under a 1000 mL min-1 flow of air. 
Following calcination, the catalyst (0.25 g) was loaded into the reaction vessel 
between two layers of boiling chips.  The reactor was then purged with nitrogen.  
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The pressure was increased to 6 barg and the system tested for Leaks.  The 
catalyst was then reduced under 50 mL min-1 H2 at 5 barg.  The temperature of 
the reaction vessel was increased at 300°C h-1 and maintained at 200°C for 2 h.  
The vessel was then cooled to reaction temperature at 300°C h-1. 
The HPLC pump (Gilson 307) was started and the liquid reactant (furfural) 
injected into the vaporiser at 1.8 mL h-1: the knock-out pot coolant was also 
switched on.  Pressure was kept at 5 barg and reactor temperature was 200˚C.  
Hydrogen flow was set at 100 mLmin-1 to give H2:furfural molar ratio of 16. 
Liquid samples were collected from the knock-out pot at regular intervals and 
analysed using gas chromatography.  
At the end of the reaction, the liquid flow was stopped and the HPLC pump 
isolated.  The gas was switched to nitrogen.  The vaporiser was left on and the 
reactor/lower trace heating was switched off.  The gas flow was then switched 
to a low pressure exit.  The system was then left overnight to cool and then the 
upper trace heating was switched off.  The reactor tube was then removed and 
the knock-out pot cleared of condensed vapour. 
 
3.1.6 Analysis 
Liquid samples were analysed by gas chromatography using a ThermoQuest 2000 
series Trace gas chromatograph fitted with a flame ionisation detector and using 
a 30 m Zebron ZB-Wax plus column with 0.25 mm i.d. and film thickness of 5 
µm.  An injection temperature of 250°C, a split flow of 14 mL min-1 and a split 
ratio of 10 were used.  The oven temperature was 40°C for 5 min and then 
increased at a rate of 10˚C min-1 to 230°C for 7 min.  The auto-sampler used was 
an AI/AS 3000, the injection size was 1 µL and the detector temperature was 
300°C.  Gaseous products were monitored using online GC-MS (Agilent 6890 
series) and an Al2O3/Na2SO4 column (25 m in Length, 0.53 mm i.d. and film 
thickness of 10 µm). 
Standard solutions of known concentrations were prepared by the following 
method.  Firstly 1 mL of furfural was measured out using a syringe and added to 
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a 250 mL volumetric flask and mixed with 2-propanol (IPA) to make the 100% 
solution.  From this 250 mL solution a 10 mL sample was taken and added to a 
100 mL volumetric flask with IPA to make a 10% solution.  A 30 mL sample was 
then taken from the original 250 mL solution using a pipette and put into a 100 
mL volumetric flask.  IPA was added to this flask to make the solution up to a 
100 mL solution to make a 30% solution.  This process was repeated until a series 
of standards representing 10, 30, 50 and 70% solutions made from the original 
250 mL solution was obtained.  A 2 mL sample was taken from each of these 
solutions analysed by gas chromatography.  The whole process was repeated for 
each individual product using IPA as a solvent.  The peak areas of these solutions 
were then plotted against their known concentrations to produce calibration 
graphs.  The graph below shows the correlation between peak area and 
concentration of standard solutions. 
 
Figure 3.5 Calibration of GC for furfural analysis 
 
 
  
26 
Figure 3.6 Calibration of GC for furfuryl alcohol analysis 
 
3.1.7 Deactivation studies 
Analysis of post-reaction catalyst samples was conducted to investigate the 
extent and cause of deactivation.  Samples were analysed both online (within 
reactor tube) and offline (removed from reactor).  
At the end of the reaction, the liquid flow was stopped and the HPLC pump 
isolated.  The gas was switched to nitrogen, the gas flow switched to bypass and 
the system was depressurised. The reactor and trace heating was left on 
overnight to allow removal of any reactants still present in the system. The 
following day all heating was switched off and the reactor cooled to room 
temperature.  The knock-out pot was cleared of any condensed vapour and the 
gas flow was switched off. 
The boiling chips and catalyst bed were removed from the reactor tube and 
stored in a glove box under nitrogen prior to analysis.  Surface area 
determination, TGA and XRD were used to investigate the extent and cause of 
catalyst deactivation. 
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3.2 Liquid-phase hydrogenation 
Liquid phase hydrogenation of 4-nitroacetophenone (4-NAP) was carried out and 
the following section describes the catalysts, reactor and reaction conditions 
used in this study. 
3.2.1 Catalysts 
The catalysts used for the hydrogenation of 4-nitroacetophenone were silica 
supported rhodium catalysts.  The silica support material was supplied and 
characterised by Davison Catalysts and the rhodium catalysts were prepared by 
incipient wetness and characterised by Johnson Matthey.  Table 3.3 shows the 
physical properties of the rhodium/silica catalysts. 
Table 3.3 Catalysts for Liquid-phase hydrogenation 
Catalyst 
code 
Surface 
area 
(m2g-1) 
Average pore 
diameter 
 (nm) 
Pore 
volume 
(cm3g-1) 
Particle 
size 
 (μm) 
Average metal 
crystallite size 
(nm) 
M01035 321 13.2 1.06 96.3 3.5 
M01038 321 13.2 1.06 49.9 2.7 
M01074 321 13.2 1.06 24 2.6 
M01078 321 13.2 1.06 241 2.2 
M01079 344 11.1 0.96 9.5 1.2 
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3.2.2 Materials 
The following materials, shown in table 3.4, were used in all liquid-phase 
hydrogenation reactions without further purification. 
Table 3.4 Materials used for liquid phase hydrogenation 
Material Supplier Purity 
4-nitroacetophenone Sigma Aldrich 98% 
4-aminoacetophenone Sigma Aldrich 99% 
 4-(1-aminophenyl)ethanol Sigma Aldrich 98% 
4-ethylaniline Sigma Aldrich 98% 
cyclohexylamine Fisher Scientific 98% 
4-methylcyclohexylamine Fisher Scientific 97% 
2-propanol Sigma Aldrich >99.5% 
H2 BOC 99% 
N2 BOC 99.98% 
D2 BOC 99.9% 
 
3.2.3 Reactor 
Hydrogenation reactions were conducted using a 0.5 L stirred Büchi autoclave 
equipped with an oil-jacket and a hydrogen-on-demand delivery system.  The 
design of the reactor was advantageous as it allowed for in situ reduction of the 
catalyst prior to the reaction and made the regulation of temperature, pressure 
and stirring speed accessible.  Figure 3.7 shows a schematic of the stirred tank 
reactor used. 
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Figure 3.7 Schematic of stirred tank reactor 
 
 
3.2.4 Experimental method 
0.05 g of 2.5% Rh/SiO2 catalyst and 310 mL 2-propanol (IPA) were added to the 
reactor vessel and brought to a temperature of 70°C, stirring at ~300 rpm.  An in 
situ reduction of the catalyst was performed at 70˚C by sparging hydrogen gas, 
at a flow rate of 280 cm3 min-1, through the mixture for 0.5 h while stirring at 
300 rpm.  The reaction mixture was allowed to cool after reduction to the 
desired reaction temperature. 
0.45 g (2.7 mmol) of 4-nitroacetophenone (4-NAP) were added to 25 mL of IPA in 
a conical flask and heated until all of the 4-NAP was dissolved.  After the 
reduction process was complete, the reaction mixture was allowed to cool to the 
desired reaction temperature under slow stirring.  After reaching the desired 
temperature, the stirrer was turned off and 20 mL of the 4-NAP solution (2.16 
mmol 4-NAP) was added to the reactor vessel through the reactor inlet; then 
flushed with 20 mL of IPA to give a total reaction volume of 350 mL and an initial 
4-NAP concentration of 0.0062 mol L-1.  The solution was stirred at 1000 rpm for 
5 seconds to allow mixing.  The stirrer was then switched off and the reactor 
pressurised with nitrogen to 1 barg.  A sample of 2.5 mL was withdrawn.  The 
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reactor was de-pressurised, before being purged twice with hydrogen then 
pressurised with hydrogen to the desired reaction pressure.  Once the vessel was 
pressurised the reaction was started by switching the stirrer on at 1000 rpm and 
the timer started.  The progress of the reaction was followed by withdrawing 2.5 
mL samples at regular intervals over 4 h.  The moles of hydrogen consumed 
during the reaction were also monitored and recorded. 
3.2.4.1 Average crystallite size 
To investigate the effect of metal crystallite size on the rate of hydrogenation of 
4-nitroacetophenone, reactions were conducted at 60°C and 4 barg using the 
catalysts Listed in table 3.3. 
3.2.4.2 4-NAP reactions 
Reactions were conducted to investigate the effect of temperature and pressure 
on the rate of hydrogenation of 4-nitroacetophenone.  Reactions were carried 
out at temperatures from 30-60°C at 4 barg and at 60°C using pressures from 2-5 
barg.  From these reactions, an activation energy and order of reaction with 
respect to hydrogen pressure were calculated. 
In addition, reactions were carried out using different initial concentrations of 4-
NAP to investigate its effect on the rate of hydrogenation and to determine an 
order of reaction with respect to reactant concentration. 
3.2.4.3 4-AAP reactions 
Reactions were conducted to investigate the effect of temperature on the rate 
of hydrogenation of 4-aminoacetophenone (4-AAP).  0.36 g of 4-AAP (2.7 mmol) 
was dissolved in 25 mL of IPA then 20 mL of this solution (2.16 mmol 4-AAP) was 
added to the reactor vessel through the reactor inlet; then flushed with 20 mL of 
IPA to give a total reaction volume of 350 mL.  The experimental procedure for 
4-NAP reactions was followed and reactions were carried out at temperatures 
from 30-60°C at 4 barg. 
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3.2.4.4 4-NAP and 4-AAP reactions 
To investigate the effect of the presence of the 4-AAP intermediate on the rate 
of hydrogenation of 4-NAP, reactions were conducted at 60˚C and 4 barg using 
1:1, 2:1 and 1:2 molar ratios of 4-NAP:4-AAP as reactant.  The concentration of 
4-NAP was the same as reactions involving 4-NAP alone, the concentration of 4-
AAP was altered to achieve the desired ratios and the same experimental 
procedure was followed. 
3.2.4.5 Addition of an alicyclic amine 
To investigate the effect of the presence of an alicyclic amine on the rate of 
hydrogenation of 4-NAP, 4-methylcyclohexylamine (4MCHA) was introduced to 
the reactant feed solution in 1:1, 2:1 and 1:2 molar ratios of 4-NAP:4MCHA.  As 
before, the concentration of 4-NAP in all reactions remained constant and the 
concentration of aliphatic amine was changed to give the desired ratios.  
Reactions were also carried out to investigate the effect of 4-
methylcyclohexylamine (4-MCHA) on the hydrogenation of 4-AAP.  The same 
concentration of 4-AAP was used as in the reactions involving 4-AAP only and the 
concentration of 4-MCHA added was varied to achieve molar ratios of 1:1, 1:2 
and 2:1. 
3.2.4.6 Deuterium reactions 
A series of reactions employing the use of deuterium in place of hydrogen were 
conducted to investigate whether hydrogen bond breaking or forming is involved 
in the rate determining step.  The reactions were conducted at a pressure of 4 
barg and a temperature of 60˚C using 2.7 mmol of 4-NAP alone, 2.7 mmol 4-AAP 
and finally 2.7 mmol of each to give a 1:1 ratio. 
 
3.2.5 Analysis  
A Thermo Finnigan Focus single column and flame ionization detector was used 
in the analysis of the samples obtained from reaction. The column used was an 
HP-1701 with length 30 m, 0.25 mm ID, and film thickness 1 µm.  The 
parameters of the GC programme were set as follows: an injection temperature 
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of 240˚C, split ratio 150 with a column flow 2 mL min-1 and the detector 
temperature set at 300˚C.  The oven temperature was 160˚C for 7 min and then 
increased at a rate of 10˚C min-1 to 200˚C for 6 min. 
Standard solutions of known concentrations were prepared as described in 
section 3.1.6, and were used to calibrate the GC for analysis of reactants and all 
possible products. 
Figure 3.8 Calibration of GC for 4-nitroacetophenone analysis 
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4 Gas-phase hydrogenation results 
The following chapter shows the results for gas-phase hydrogenation of furfural 
(FFRAL) to furfuryl alcohol (FFRYL). 
4.1 Catalyst characterisation 
Firstly, pre-reaction characterisation was carried out on all catalysts.  The 
surface area of the catalysts was determined by BET, while TGA and powder x-
XRD were used to investigate the physical properties of the catalysts. 
4.1.1 Surface area determination 
Surface area determination was carried out as described in section 3.1.2.1 and 
the measurements obtained are shown in table 4.1. 
Table 4.1 Surface area determination of gas-phase hydrogenation catalysts 
 
Catalyst 
BET Single Point 
Surface area 
(m2g-1) 
Average pore 
diameter (nm) 
Pore volume 
(cm3g-1) 
Cariact Q10 silica 276 14.6 1.01 
5% Cu/SiO2 236 13.9 0.82 
5% CeOx/SiO2 254 15.1 0.96 
5% Cu + 5% CeOx/SiO2 215 14.5 0.78 
5% Cu + 1% CeOx/SiO2 232 14.9 0.87 
10% Cu/SiO2 235 13.1 0.77 
10% Cu + 5% CeOx/SiO2 154 13.2 0.51 
10% Cu+ 5% CeOx + 0.05% Pd/SiO2 190 14.5 0.69 
Cu1132 45 8.8 0.10 
 
The majority of the catalysts had a surface area around 200 m2g-1 however the 
surface area of 10% Cu + 5% CeOx/SiO2 was slightly lower at 154 m
2g-1.  The 
surface area of 10% Cu + 5% CeOx + 0.05% Pd/SiO2 was higher than 10% Cu + 5% 
CeOx/SiO2 suggesting that presence of palladium inhibited structural change in 
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the silica.   The commercial catalyst, Cu1132, had a significantly lower surface 
area compared to the rest of the catalysts. 
4.1.2 Thermogravimetric analysis 
TGA was carried out on pre-reaction samples of all catalysts.  Temperature 
programmed oxidation (TPO), temperature programmed reduction (TPR) of as-
prepared catalyst samples and TPR of pre-oxidised catalyst samples were carried 
out to investigate the effect of pre-treatment conditions on the structure and 
composition of the catalyst.   
4.1.2.1 Temperature programmed oxidation 
Firstly, temperature programmed oxidation (TPO) of the silica support material 
was carried out using the method described in section 3.1.2.2, and the results 
are shown in figure 4.1. 
Figure 4.1 Pre-reaction TPO of Cariact Q10 silica support 
 
 
TPO of Cariact Q10 silica shows a small weight Loss at around 60˚C which could 
be due to the loss of physisorbed water from the surface.  As little weight is Lost 
from the support, it can be assumed that any significant weight lost by catalyst 
samples is due to the presence of the active phase.  TPO was carried out on all 
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catalysts to investigate the effect of calcination and TPO of 5% CeOx/SiO2 is 
shown in figure 4.2. 
Figure 4.2 Pre-reaction TPO of 5% CeOx/SiO2 
 
TPO of 5% CeOx/SiO2 from room temperature to 500˚C showed three weight 
losses, one at 70°C, the largest at around 200˚C and a small loss at 340˚C.  Heat 
flow was measured and plotted with the derivative weight against temperature 
to determine if the weight losses were endo- or exothermic. 
Figure 4.3 Heat flow during pre-reaction TPO of 5% CeOx/SiO2 
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Heat flow data showed a small dip associated with each peak indicating that all 
weight losses were endothermic.  Mass spectrometry was used to try to identify 
the species evolved at these temperatures. 
Figure 4.4 Mass spectrometry data for 5% CeOx/SiO2 
 
Two fragments were identified by mass spectrometry namely m/z 18 and m/z 
30.  The evolution of m/z 18 corresponded to the weight loss at 70˚C and was 
likely due to loss of physisorbed water from the surface.  At 200 and 340˚C m/z 
30 was detected and attributed to the evolution of NO as a result of the 
decomposition of the nitrate precursor. 
TPO of 5% Cu/SiO2 showed some similarities to TPO of 5% CeOx/SiO2 however the 
greatest weight loss was around 100˚C. 
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Figure 4.5 Pre-reaction TPO of 5% Cu/SiO2 
 
Figure 4.5 shows a pair of peaks around 100˚C and between room temperature 
and 170˚C, ~7% of the original sample weight is lost.  Further weight was lost 
between 170 and 350˚C shown by peaks at 190, 215 and 230˚C.  Heat flow data, 
not shown, confirmed all weight losses were endothermic.  Like 5% CeOx/SiO2, 
mass spectrometry identified m/z fragments 18 and 30 but also showed a signal 
for m/z 44. 
Figure 4.6 Mass spectrometry data for 5% Cu/SiO2 
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The peaks at ~100˚C corresponded to m/z 18 which suggests they corresponded 
to the loss of water from the surface.  In addition, m/z 30 showed a small peak 
at 100 and 190˚C and a larger peak at 280˚C.  As previously mentioned, this 
could be attributed to NO species lost during decomposition of the nitrate 
precursor which is common for all catalysts.  At 230˚C m/z 44 was evolved which 
could correspond to CO2 adsorbed from the atmosphere or N2O species as a 
result of nitrate precursor decomposition. 
For the higher loading copper catalyst, the TPO pattern obtained was very 
similar to that of 5% Cu/SiO2. 
Figure 4.7 Pre-reaction TPO of 10% Cu/SiO2 
 
The weight loss around 100˚C was very broad and again looked like more than 
one peak.  There was a small weight Loss at 195˚C and a larger peak shown at 
280˚C.  Heat flow data, not shown, shows that the weight losses around 100 and 
280˚C were endothermic meanwhile the weight loss at 195˚C was exothermic.  
Like 5% Cu/SiO2, the mass spectrometry data showed m/z 18 corresponding to 
the weight loss around 100˚C suggesting the loss of physisorbed water and the 
evolution of m/z 30 at 195˚C. 
The presence of 1% ceria in the catalyst had little effect on the TPO pattern 
produced or the m/z fragments detected.  However, 5% Cu + 5% CeOx/SiO2 
showed sharp weight loss around 190˚C. 
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Figure 4.8  Pre-reaction TPO of 5% Cu + 5% CeOx/SiO2 
 
A weight loss at 270˚C and a very broad weight loss peak at 100˚C were 
observed and all the weight lost events were endothermic.  Mass spectrometry 
data showed evolution of m/z 18 at 100˚C and m/z 30 at 190 and 270˚C.  
Additionally, m/z 44 and m/z 46; which could correspond to CO2 or N2O and NO2, 
respectively, were also detected suggesting the loss of atmospheric CO2 from 
the surface and/or significant decomposition of nitrate precursor. 
For 10% Cu + 5% CeOx/SiO2 catalysts similar TPO patterns were observed and the 
incorporation of low levels of palladium had little effect on the TPO pattern. 
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Figure 4.9 Pre-reaction TPO of 10% Cu + 5% CeOx/SiO2 
 
TPO of 10% Cu + 5% CeOx/SiO2 shows three clear weight loss peaks at 135, 175 
and 265˚C.  Heat flow data, not shown here, showed that all three weight losses 
were endothermic.  A very similar TPO pattern was obtained for 10% Cu + 5% 
CeOx + 0.05% Pd/SiO2, with three endothermic weight losses at 130, 180 and 
260˚C. 
TPO was carried out on a sample of commercial catalyst Cu1132, the exact 
composition of which is not known. 
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Figure 4.10 Pre-reaction TPO of Cu1132 
 
TPO of Cu1132 showed an initial small weight loss around 100˚C, with a main 
endothermic weight loss at 850˚C.  Mass spectrometry data suggested that the 
first weight loss can be attributed to the loss of physisorbed water from the 
surface.  Around 850˚C, oxygen is evolved suggesting that the chrome present 
undergoes a change in oxidation state. 
 
4.1.2.2 Temperature programmed reduction 
Temperature programmed reduction (TPR) was carried out on catalyst samples 
before and after oxidation to investigate the reducibility of the catalysts.  TPR 
was carried out on as-prepared catalyst samples from room temperature to 
500°C.  TPR of catalysts samples post TPO was also carried out to determine the 
effect of calcination followed by reduction. 
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Figure 4.11 Pre-reaction TPR of 5% CeOx/SiO2 
 
TPR of as-prepared 5% CeOx/SiO2 showed two prominent weight losses at 60 and 
190˚C which were endothermic.  Where the low temperature peak could 
correspond to the loss of surface water molecules, the reduction of the ceria 
active phase occurred at 190˚C.  Figure 4.12 shows that the reduction 
temperature for 5% Cu/SiO2 however, was much higher. 
Figure 4.12 Pre-reaction TPR of 5% Cu/SiO2 
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TPR of a pre-reaction sample of 5% Cu/SiO2 shows a number of weight losses.  
There is a weight Loss at 100˚C with two preceding shoulders and a small peak 
at 210˚C.  There is a pair of peaks around 250˚C and a small shoulder before 
300˚C.  
 
Figure 4.13 Pre-reaction TPR heat flow data for 5% Cu/SiO2 
 
 
From heat flow data the weight loss ~100˚C, the small peak at 210°C and the 
first of the pair of peaks are endothermic.  However, the second peak at 250˚C 
and the small shoulder before 300˚C are exothermic. 
Higher copper loading resulted in a shift of the reduction peak to a higher 
temperature and produced more defined peaks. 
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Figure 4.14 Pre-reaction TPR of 10% Cu/SiO2 
 
An initial weight loss from room temperature to 160˚C was shown by two peaks 
at 85 and 140˚C which were endothermic.  Whereas, between 250 and 350˚C 
there were peaks shown at 280, 320, and a shoulder at 270˚C corresponding to 
exothermic weight losses. 
The low loading of ceria in the catalyst had little effect on the reduction pattern 
obtained however 5% Cu + 5% CeOx/SiO2 showed a distinct weight loss at 190˚C 
as shown in figure 4.15. 
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Figure 4.15 Pre-reaction TPR of 5% Cu + 5% CeOx/SiO2 
 
TPO of 5% Cu + 5% CeOx/SiO2 also showed a sharp endothermic weight loss at 
190˚C which suggests that this weight was lost as a result of thermal treatment.  
A very broad peak at 80˚C, a sharp peak at 180°C and a pair of peaks at 270˚C 
with shoulders at 260 and 290˚C.  The broad low temperature peak was 
endothermic and the higher temperature reduction peaks exothermic. 
For catalysts with the same ceria loading but a higher copper loading similar TPR 
patterns were observed and the incorporation of low levels of palladium had 
little effect on the TPR pattern.  Temperature programmed reduction of Cu1132 
however, produced a completely different reduction pattern compared to all of 
the other catalysts. 
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Figure 4.16 Pre-reaction TPR of Cu1132 
 
TPR of Cu1132 was conducted from room temperature to 1000˚C as reduction 
was incomplete at 500˚C.  Two weight losses were observed at around 100 and 
the other at 365˚C.  Heat flow data showed that the first weight loss was 
endothermic and the second was exothermic.  Mass spectrometry data showed a 
low temperature evolution of m/z 17 and significant hydrogen consumption at 
340˚C. 
Pre-reaction catalyst samples underwent TPO and then TPR to investigate the 
effect of calcination followed by reduction.  This treatment had the same effect 
on all of the catalysts which was a decrease in the overall weight lost as shown 
in figure 4.17 and 4.18. 
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Figure 4.17 TPR Comparison of calcined and uncalcined 5% Cu/SiO2 
 
Reduction of the uncalcined sample showed a dramatic weight loss with a large 
broad peak around 100°C and a pair of reduction peaks at 250˚C.  The calcined 
sample showed a small weight loss around 50˚C and the reduction peaks were 
observed at a higher temperature of 290˚C.  Heat flow data confirmed that as 
before, the low temperature weight loss was endothermic and the reduction 
peaks were exothermic. 
Calcination of the 5% Cu + 1% CeOx/SiO2 followed by reduction altered the shape 
of the reduction peaks.  
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Figure 4.18 TPR comparison of calcined and uncalcined 5% Cu + 1% CeOx/SiO2 
 
The calcined sample shows a much smaller weight loss at 50˚C, no peak at 
190˚C and only one peak with a small shoulder around 260˚C. 
Table 4.2 Weight Lost through pre-reaction TPO and TPR 
 
Catalyst 
Weight lost (% of original sample) 
Pre-reaction TPO Pre-reaction TPR 
calcined 
Pre-reaction TPR 
uncalcined 
5% Cu/SiO2 11.5 2.5 13.2 
5% CeOx/SiO2 7.2 1.7 9.1 
5% Cu + 5% CeOx/SiO2 18.9 2.8 20.6 
5% Cu + 1% CeOx/SiO2 13.6 2.4 13.9 
10% Cu/SiO2 24.8 4.5 30.2 
10% Cu + 5% CeOx/SiO2 22.8 3.7 26.7 
10% Cu+ 5% CeOx + 0.05% Pd/SiO2 24.2 3.8 25.2 
Cu1132 8.9 NM 13.5 
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4.1.3 Powder x-ray diffraction 
X-ray diffraction (XRD) was carried out for each catalyst pre-reaction.  The 
pattern obtained for Cariact Q10 silica support material and 5% Cu/SiO2 are 
shown in figure 4.19. 
Figure 4.19 XRD pattern for Cariact Q10 silica and 5% Cu/SiO2 
 
There is little to distinguish the catalyst pattern from the support material 
suggesting that impregnation of the support material using copper nitrate results 
in an amorphous solid.  However, following calcination copper oxide is formed as 
shown in figure 4.20. 
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Figure 4.20 Fresh and calcined XRD patterns of 5% Cu/SiO2 
 
 
The peak at 22° is characteristic of silica and no other peaks were detected for 
5% Cu/SiO2 prior to pre-treatment.  Calcination of the sample offline followed by 
XRD however, produces peaks at 35° and 38° corresponding to copper oxide in 
the tenorite form. 
Figure 4.21 XRD patterns for calcined and reduced 5% Cu/SiO2  
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Reduction of the calcined sample was carried out using in situ hot stage XRD and 
shows the loss of copper oxide and the formation of copper particles, shown by 
the peaks at 43 and 50˚. 
Catalysts involving ceria also gave an amorphous X-ray diffraction pattern 
showing that the catalytic surface is amorphous in character.  However, 
calcination of these catalysts showed the formation of copper oxide (tenorite) 
and cerium oxide (Ce2O3). 
Figure 4.22 XRD patterns for 5% Cu + 1% CeOx/SiO2 
 
In situ reduction of the calcined sample showed the loss of these metal oxides 
and the production of copper particles.  At low loading ceria the peaks 
associated with Ce2O3 at 28 and 47° are almost indistinguishable however, at 5% 
CeOx the peaks are clear as shown in figure 4.23. 
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Figure 4.23 XRD patterns for 5% Cu + 5% CeOx/SiO2 
 
 
Similar patterns were obtained for 5% Cu + 5% CeOx/SiO2 and as expected the 
CeO2 peaks at 28°, 47° and 56° were more intense corresponding to the 
increased amount of ceria present in the catalyst.  For other catalysts such as 
10% Cu + 5% CeOx/SiO2 and 10% Cu + 5% CeOx + 0.05% Pd/SiO2 showed very 
similar XRD patterns so will not be shown in this section and the results for 5% 
Cu/SiO2, 5% Cu + 1% CeOx/SiO2 and 5% Cu + 5% CeOx/SiO2 will be used to show 
the effect of ceria on the structure of the catalysts. 
The mean crystallite size was calculated using the Scherrer equation, where the 
Scherrer constant (particle shape factor) was taken as 0.89 and the full width at 
half maximum (FWHM) was in radians of the CuO(111) plane (35.6° in 2θ) or of 
the (111) for Cu (43° in 2θ).  Crystallite sizes for CeO2 were too small to be 
measured by this method but the estimated CuO and Cu crystallite sizes are 
shown in table 4.3. 
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Table 4.3 Average crystallite sizes for CuO and Cu 
Catalyst 
Average crystallite  size (nm) 
CuO (calcined) Cu (reduced) 
5% Cu/SiO2 15.7 18.3 
5% Cu + 1% CeOx/SiO2 32.8 14 
5% Cu + 5% CeOx/SiO2 30.5 40.5 
10% Cu + 5% CeOx/SiO2 14.6 n.m.
a 
10% Cu + 5% CeOx + 0.05% Pd/SiO2 9.8 n.m. 
an.m. not measured 
The table shows that the presence of ceria increases the size of CuO crystals 
formed through calcination.  Following reduction the presence of 1% CeOx 
produced smaller Cu crystals compared to 5% Cu/SiO2 and reduction of 5% Cu + 
5% CeOx/SiO2 produced much larger copper crystals. 
 
4.2 Catalyst testing 
Catalysts were tested for the gas phase hydrogenation of furfural to furfuryl 
alcohol in a fixed bed reactor at 200˚C and 5 barg.  Liquid samples were taken 
at regular intervals and analysed by gas chromatography (GC). 
4.2.1 Cariact Q10 silica support 
It was important firstly to establish whether the support material had any 
catalytic effect on the hydrogenation of furfural so a reaction was conducted 
using Cariact Q10 silica.  Only trace levels of conversion of furfural to furfuryl 
alcohol (<3%) were observed over 50 h time on stream and so the silica was 
deemed to have no significant catalytic activity. 
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4.2.2 Ceria 
5% CeOx/SiO2 showed poor activity for the hydrogenation of furfural to furfuryl 
alcohol.  The following figure shows the distribution of reactant and products 
against time on stream. 
Figure 4.24 Product distribution against time for 5% CeOx/SiO2 
 
Figure 4.24 shows that very little furfural was converted (13%) to furfuryl alcohol 
and furan was the main by-product at 4 h time on stream (TOS).  Over the 
observed reaction time the concentration of furfural in the product stream 
continued to increase and after 30 h TOS the catalyst was inactive and no 
furfural was being converted. 
 
4.2.3 Copper catalysts 
Silica supported copper catalysts however, proved far more active for the 
hydrogenation of furfural.  Figure 4.25 shows the molar fraction of reactants and 
products over the total reaction time. 
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Figure 4.25 Product distribution against time for 5% Cu/SiO2 
 
In the early stages of the reaction, high conversions of furfural were achieved 
and the main product was furfuryl alcohol with low levels of 2-methylfuran and 
furan as by-products.  After 25 h TOS however, the conversion of furfural was 
remarkably lower and the conversion of furfural continued to decrease over the 
remaining TOS. 
An inlet sample was taken periodically and analysed by GC to provide an inlet 
concentration [FFRAL]in  used to calculate furfural conversion as shown below: 
 Conversion = ([FFRAL]in - [FFRAL]out / [FFRAL]in) × 100% 
This inlet concentration was also used to calculate the selectivity to furfuryl 
alcohol and the yield: 
 Selectivity = ([FFRYL]out / [FFRAL]in  - [FFRAL]out) × 100% 
 Yield = ([FFRYL]out /[FFRAL]in) × 100% 
5% Cu/SiO2 catalyst exhibited high activity for the hydrogenation of furfural with 
90% conversion achieved at 6 h TOS and 98% selectivity towards furfuryl alcohol 
at 27 h TOS.  10% Cu/SiO2 exhibited a lower activity achieving ~70% conversion 
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of furfural at 22 h TOS however, the activity of the catalyst slowly decreased 
over the remaining h on stream as shown in figure 4.26. 
Figure 4.26 Product distribution against time for 10% Cu/SiO2 
 
The figure shows furfural conversion slowly decreases with time on stream and 
in the early stages the selectivity to furan (34%) was higher than that of furfuryl 
alcohol (28.5%).  2-methylfuran was also present as a by-product at 4 h TOS (8 × 
10-3 mol L-1) but at 44 h TOS the only product of the reaction was furfuryl 
alcohol.  
 
4.2.4 Copper and ceria catalysts 
5% Cu + 1% CeOx/SiO2 was tested under the same conditions for the 
hydrogenation of furfural to furfuryl alcohol.  The following figure shows the 
progress of the reaction over 50 h time on stream (TOS). 
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Figure 4.27 Product distribution against time for 5% Cu + 1% CeOx/SiO2 
 
The conversion of furfural was high in the early stages of reaction however this 
rapidly decreased within the first 24 h and then remained low.  The only by-
product detected was low levels of 2-methylfuran (1.5 × 10-3 mol L-1) and 
therefore the selectivity to furfuryl alcohol was high. 
5% Cu + 5% CeOx/SiO2 was also tested to investigate the effect of higher loadings 
of ceria on the activity and selectivity of the catalyst for the reaction. 
Figure 4.28 Product distribution against time for 5% Cu + 5% CeOx/SiO2 
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From figure 4.28 it appears that the higher ceria loading has enhanced the 
activity and lifetime of the catalyst as the fraction of furfural converted to 
furfuryl alcohol decreased more slowly over the TOS.  10% Cu + 5% CeOx/SiO2 
was also tested to investigate the relationship between copper and ceria 
Loadings and their effect on activity and selectivity (Fig. 4.29). 
Figure 4.29 Product distribution against time for 10% Cu + 5% CeOx/SiO2 
 
Nearly 80% conversion of furfural was achieved at 18 h TOS but the activity of 
the catalyst decreased rapidly to 5% conversion at 50 h.  Selectivity to furan was 
6% and furfuryl alcohol was ~70% at 18 h TOS however at 20 h TOS selectivities 
were 3.5% and ~90% respectively.  
 
4.2.5 Pd promoter 
10% Cu + 5% CeOx + 0.05% Pd/SiO2 was tested to investigate if incorporating a 
small amount of palladium had an effect on activity or selectivity. 
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Figure 4.30 Product distribution against time for 10% Cu + 5% CeOx + 0.05% 
Pd/SiO2 
 
10% Cu + 5% CeOx + 0.05% Pd/SiO2 showed excellent activity in the early stages 
of reaction with conversion of furfural at ~80% and selectivity to furfuryl alcohol 
in excess of 80%.  The only by-product detected was 2-methylfuran however as 
with previous catalysts, the production of 2-methylfuran decreased over time. 
 
4.2.6 Commercial catalyst 
Cu1132 exhibited moderate activity but excellent selectivity to furfuryl alcohol 
with only trace levels of 2-methylfuran produced.  The activity started to 
decline around 23 h TOS. 
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Figure 4.31 Product distribution against time for Cu1132 
 
Conversion of 54% was achieved in the early stages of reaction with selectivity to 
furfuryl alcohol at almost 100% however the catalyst slowly deactivated with 
time on stream. 
 
4.3 Post-reaction catalyst characterisation 
Post-reaction catalyst samples were analysed to determine the extent and cause 
of catalyst deactivation.  Surface area determination, TGA and powder XRD were 
carried out on a post-reaction sample of each catalyst. 
4.3.1 Surface area determination 
Surface area determination was carried out on catalyst samples after 50 h on 
stream (TOS) to investigate the effect of the reaction on the catalyst surface.  
Table 4.4 shows the pre-reaction surface area measurements in plain text and 
the post-reaction measurements in bold text. 
 
61 
 
 
Table 4.4 Surface areas of catalysts post 50 h TOS 
 
Catalyst 
BET Single Point 
Surface area 
(m2g-1) 
Average pore 
Diameter (nm) 
Pore volume 
(cm3g-1) 
Cariact Q10 silica 263 187 14.6 14.1 1.01 0.66 
5% Cu/SiO2 236 128 13.9 12.6 0.82 0.40 
5% CeOx/SiO2 254 193 15.1 15.1 0.96 0.73 
5% Cu + 5% CeOx/SiO2 215 126 14.5 13.7 0.78 0.43 
5% Cu + 1% CeOx/SiO2 232 224 14.9 14.1 0.87 0.70 
10% Cu/SiO2 235 90 13.1 12.2 0.77 0.28 
10% Cu + 5% CeOx/SiO2  154 150 13.2 13.8 0.51 0.52 
10% Cu+ 5% CeOx + 0.05% Pd/SiO2 190 152 14.8 13.5 0.69 0.53 
Cu1132 45 <1 8.8 n.m.a 0.10 0.02 
an.m. not measured 
The majority of the catalysts show a dramatic reduction in surface area after 50 
h on stream (TOS).  This is the result of pore blocking by coke/coke precursors.  
The pore diameters do not change greatly but the surface area is reduced 
because whole pores are becoming blocked.  Two of the catalysts showed little 
change; 5% Cu + 1% CeOx/SiO2 and 10% Cu + 5% CeOx/SiO2 showed less than 5% 
reduction in surface area after 50 h TOS.  10% Cu/SiO2 however exhibited a 60% 
reduction in available surface area.  Cu1132, with the lowest measured BET 
surface area, was difficult to analyse post-reaction.  It is thought that all of the 
pores had become blocked making surface area measurements difficult and the 
results very low. 
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4.3.2 Thermogravimetric analysis 
TGA was carried out on all catalysts post-reaction.  Samples were taken from the 
reactor and stored in a glove box under a nitrogen atmosphere prior to analysis.  
TPO and TPD were carried out on each sample to determine whether there were 
any chemical species left on the catalyst surface post-reaction.  
4.3.2.1 Temperature programmed oxidation 
TPO of each catalyst was conducted from room temperature to 1000˚C under 
100 mL min-1 flow of O2/Ar.  Figure 4.32 shows the TPO of a post-reaction 
sample of 5% CeOx/SiO2. 
Figure 4.32 Post-reaction TPO of 5% CeOx/SiO2 
 
Post-reaction TPO of 5% CeOx/SiO2 showed a weight loss around 100°C and two 
weight losses at around 360 and 550°C.  Heat flow data showed that the low 
temperature weight loss was endothermic and the weight lost at 360 and 550˚C 
was exothermic.  Figure 4.33 shows mass spectrometry results for TPO of 5% 
CeOx/SiO2. 
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Figure 4.33 Mass spectrometry data for post-reaction TPO of 5% CeOx/SiO2 
 
Mass spectrometry data showed that m/z 28 and m/z 44 were detected at 360 
and 550˚C.  This corresponds to the loss of CO and CO2 from the surface of the 
catalyst at these temperatures.  The loss of water from the surface was not 
observed.  Post-reaction TPO of 5% Cu/SiO2 showed much broader weight losses 
from 400–800˚C. 
Figure 4.34 Post-reaction TPO of 5% Cu/SiO2 
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TPO of 5% Cu/SiO2 after 50 h time on stream (TOS) shows several weight losses 
with the most prominent at 390, 570 and a shoulder at 750°C.  Heat flow data, 
not shown here, showed that all weight losses were exothermic. 
Figure 4.35 Mass spectrometry data for post-reaction TPO of 5% Cu/SiO2 
 
 
 
Mass spectrometry data shows that the weight Losses at 390, 570 and 750°C can 
be attributed to an evolution of CO2; CO was also detected at these 
temperatures however fragments associated with the Loss of water were not 
detected.  Figure 4.36 shows the post-reaction TPO of 5% Cu + 1% CeOx/SiO2. 
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Figure 4.36 Post-reaction TPO of 5% Cu + 1% CeOx/SiO2 
 
TPO of 5% Cu + 1% CeOx/SiO2 post 50 h TOS shows two sharper weight losses at 
430 and 550˚C which were exothermic. 
Figure 4.37 Post-reaction TPO mass spectrometry data for 5% Cu + 1% CeOx/SiO2 
 
 
Mass spectrometry data showed m/z 44 corresponded to these weight losses. 
Figure 4.38 shows much broader weight losses were observed for TPO of 5% Cu + 
5% CeOx/SiO2. 
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Figure 4.38 Post-reaction TPO of 5% Cu + 5% CeOx/SiO2 
 
TPO of 5% Cu + 5% CeOx/SiO2 showed a similar pattern of peaks, and in addition 
to the broad peaks at 420, 630 and 750˚C, a sharp peak at 100˚C.  Heat flow 
data showed that the weight loss between 200- 850˚C was exothermic and the 
weight lost at 100˚C was endothermic.  Like 5% Cu + 1% CeOx/SiO2, mass 
spectrometry data showed m/z 44 detected between 200 and 850˚C which 
corresponds to the evolution of CO2.  10% Cu/SiO2 showed an extremely similar 
post-reaction TPO pattern, heat flow and mass spectrometry data and so is not 
shown here. 
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Figure 4.39 Post-reaction TPO of 10% Cu + 5% CeOx/SiO2 
 
TPO of 10% Cu + 5% CeOx/SiO2 however showed a sharp peak at 100°C, broad 
weight loss between 200 and 750°C, and a small peak at 950°C and the 
incorporation of low levels of palladium altered this pattern further as shown in 
figure 4.40. 
Figure 4.40 Post-reaction TPO of 10% Cu + 5% CeOx + 0.05% Pd/SiO2 
 
 
TPO of 10% Cu + 5% CeOx + 0.05% Pd/SiO2 showed a very small peak at 120˚C, a 
large peak at 360˚C with shoulders at 300˚C and 380˚C, another peak at 600˚C 
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and a small pair of peaks around 950˚C.  As before, the weight lost between 200 
and 700˚C was exothermic and all other weight losses endothermic. 
Post-reaction TPO of commercial catalyst Cu1132 showed two main weight losses 
at 300°C and 800°C as shown in figure 4.41. 
Figure 4.41 Post-reaction TPO of Cu1132 
 
 
There was also a shoulder peak at 350°C and heat flow data showed that the 
weight losses ~300°C were exothermic, whereas the weight loss at 800°C was 
endothermic.  Mass spectrometry was used to try to identify which species 
contributed to these weight losses. 
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Figure 4.42 Post-reaction TPO mass spectrometry data for Cu1132 
 
In figure 4.42, two fragments were observed with m/z 18 corresponding to water 
evolved ~300°C contributing to the exothermic weight loss and m/z 44 
corresponding to CO2 evolved at both 300 and 800°C. 
4.3.2.2 Temperature programmed desorption 
TPD was carried out from room temperature to 1000˚C using argon.  Mass 
spectrometry was used to determine species evolved between these 
temperatures.  TPD of 5% Cu/SiO2 showed a large weight loss between 200 – 
700°C as shown in figure 4.43. 
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Figure 4.43 Post-reaction TPD of 5% Cu/SiO2 
 
The weight loss between 200 and 700˚C was equal to 17% of the original sample 
weight and heat flow data, not shown here, showed that this was exothermic.  
Mass spectrometry was used to try to identify species evolved at these 
temperatures corresponding to the weight lost. 
Figure 4.44 Mass spectrometry results from TPD of 5% Cu/SiO2 
 
Mass spectrometry results showed peaks for m/z 68 and 82 characteristic of 
furan and 2-methyfuran respectively, suggesting that by-products are left on the 
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catalyst surface post-reaction.  During TPD of 5% Cu + 1% CeOx/SiO2 only 7% of 
the original sample weight was lost between 200 and 600˚C with a peak at 
420˚C.  TPD of 5% Cu + 5% CeOx/SiO2 however showed an additional weight loss 
at 100˚C as shown in figure 4.43. 
 
Figure 4.45 Post-reaction TPD of 5% Cu + 5% CeOx/SiO2 
 
 
Results showed a large peak at 420 with a shoulder peak at 390˚C and almost 9% 
of the original sample weight was lost during TPD.  Mass spectrometry results are 
shown in figure 4.46. 
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Figure 4.46 Mass spectrometry results from TPD of 5% Cu + 5% CeOx/SiO2 
 
Mass spectrometry results showed evolution of m/z 96 corresponding to furfural, 
m/z 82 corresponding to 2-methylfuran and m/z 68 corresponding to furan.  CO2 
was also observed at 420°C.  TPD of the commercial catalyst, Cu1132, showed 
several weight loss peaks. 
Figure 4.47 Post-reaction TPD of Cu1132 
 
TPD of a post-reaction sample of Cu1132 lost ~11% of its original sample weight 
between room temperature and 800°C however most the weight was lost 
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between 250 and 550°C.  Weight losses below 800°C were exothermic according 
to heat flow data, not shown here, and the weight loss at 900°C was 
endothermic.  Mass spectrometry results showed water evolved at around 100°C 
and also at 450°C and CO2 evolved at 380 and 600°C. 
Additionally, m/z 68 was evolved at 350˚C corresponding to furan as well as m/z 
41, 42, 45 and 46 which could correspond to products such as tetrahydrofuran 
and 2-pentanol. 
Table 4.5 below shows the weight lost through post-reaction TPO and post-
reaction TPD.  In general, more weight was lost through post-reaction TPO 
compared to post-reaction TPD, the exception was Cu1132 which lost more 
weight through post-reaction TPD. 
Table 4.5 Weight lost through post-reaction TPO and TPD 
 
Catalyst 
Weight lost (% of original sample) 
Post-reaction TPO Post-reaction TPD 
5% Cu/SiO2 27.3 17.6 
5% CeOx/SiO2 14.5 n.m.
a 
5% Cu + 5% CeOx/SiO2 14.8 8.9 
5% Cu + 1% CeOx/SiO2 9.6 7.5 
10% Cu/SiO2 34.3 22.0 
10% Cu + 5% CeOx/SiO2 24.1 18.1 
10% Cu+ 5% CeOx + 0.05% Pd/SiO2 26.0 17.6 
Cu1132 8.3 11.3 
an.m. not measured 
 
4.3.3 Powder X-ray diffraction 
XRD was performed on post-reaction samples and the compared to patterns 
produced by calcined and reduced catalyst samples. 
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Figure 4.48 XRD patterns for pre- and post-reaction 5% Cu/SiO2 
 
The figure shows that pre-treatment of the catalysts produces copper oxide 
firstly which can then be reduced to copper metal.  Post-reaction the peak at 
43° has a lower intensity than the reduced sample.  All catalyst samples 
produced a similar result. 
Figure 4.49 XRD patterns for pre- and post-reaction 5% Cu + 1% CeOx/SiO2 
 
75 
 
 
For 5% Cu + 1% CeOx/SiO2 a similar pattern is seen firstly for the fresh sample 
and for the post-reaction samples.  The calcined sample however shows peaks 
for both copper oxide in the tenorite form and cerium oxide in the 3+ oxidation 
state (Ce2O3).  Post-reaction, the peak at 43°corresponding to copper particles is 
less intense. 
Table 4.6 Average crystallite sizes of reduced and post-reaction catalysts 
Catalyst 
Average crystallite  size (nm) 
Cu (reduced) Cu (post-reaction) 
5% Cu/SiO2 18.3 11.8 
5% Cu + 1% CeOx/SiO2 14 8.3 
5% Cu + 5% CeOx/SiO2 40.5 172.8 
10% Cu + 5% CeOx/SiO2 n.m.
a 9.3 
10% Cu + 5% CeOx + 0.05% Pd/SiO2 n.m. 7.8 
an.m. not measured 
The results show that post-reaction samples of 5% Cu/SiO2 and 5% Cu + 1% 
CeOx/SiO2 showed smaller copper crystallites compared to the reduced samples.  
This suggests that sintering is not the cause of catalyst deactivation.  However 
the results for 5% Cu + 5% CeOx/SiO2 show a dramatic increase in copper 
crystallite size post-reaction suggesting sintering has caused catalyst 
deactivation. 
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5 Liquid-phase hydrogenation results 
The results obtained from liquid-phase hydrogenation of 4-nitroacetophenone (4-
NAP) are reported in this chapter. 
5.1 Support only 
Hydrogenation of 4-NAP was conducted over silica support to establish whether 
or not it had any catalytic effect on the reaction.  Trace levels of 4-
aminoacetophenone (4-AAP) were detected after 4 h reaction time showing that 
the silica did not have any significant catalytic activity for the hydrogenation of 
4-nitroacetophenone. 
5.2 Hydrogenation of 4-nitroacetophenone (4-NAP) 
Hydrogenation of 4-NAP using each catalyst showed the conversion of 4-NAP to 
4-aminoacetophenone (4-AAP) and the conversion of 4-AAP to 1-(4-
aminophenyl)ethanol (4-APE) as shown in figure 5.1. 
Figure 5.1 Reaction scheme for hydrogenation of 4-NAP over 2.5% Rh/SiO2 
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Further hydrogenation of 4-APE produced traces of 4-ethylaniline (4-EA) and 
hydrogenation of the aromatic ring produced low levels of 1-(4-
aminocyclohexyl)ethanol (4-ACHE).  Figure 5.2 shows the concentration of 4-
NAP, 4-AAP and 4-APE against reaction time using catalyst M01074. 
Figure 5.2 4-NAP hydrogenation over Rh/SiO2 (M01074) at 60°C and 4 barg 
 
 
 
The figure shows that the subsequent hydrogenation of 4-AAP was limited until 
the conversion of 4-NAP was nearly complete.  Similarly, although not shown 
here, the conversion of 4-APE to 4-ACHE and 4-EA only occurred once nearly all 
of the 4-AAP had been converted to 4-APE. 
 
5.3 Effect of metal crystallite size 
Reactions were carried out to investigate the effect of average crystallite size 
on the hydrogenation of 4-NAP.  The following ~2.5% Rh/SiO2 catalysts, shown in 
table 5.1, were used in hydrogenation reactions carried out at 60˚C and 4 barg. 
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Table 5.1 Catalysts used for liquid phase hydrogenation reactions 
Catalyst 
code 
Surface 
area 
(m2g-1) 
Average pore 
diameter 
 (nm) 
Pore 
volume 
(cm3g-1) 
Particle 
size 
 (μm) 
Average metal 
crystallite size 
(nm) 
M01035 321 13.2 1.06 96.3 3.5 
M01038 321 13.2 1.06 49.9 2.7 
M01074 321 13.2 1.06 24 2.6 
M01078 321 13.2 1.06 241 2.2 
M01079 344 11.1 0.96 9.5 1.2 
 
The catalysts had very similar metal loadings however the rates of reaction 
differed for each catalyst.  To investigate the effect of catalyst particle size on 
activity, catalyst M01078 was sieved to give two particle size ranges; 450-250 μm 
and 125-75 μm and these were tested under the same conditions.  Figure 5.3 
shows the hydrogen uptake against time for the two catalyst samples. 
Figure 5.3 Hydrogen uptake for catalysts with different particle sizes 
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The figure shows that both catalyst samples exhibited the same level of activity 
suggesting that particle size does not have a significant effect on the rate of 
reaction.  A turnover frequency (TOF) was calculated for each catalyst by 
dividing the rate of reaction (mol min-1) by the moles of surface Rh on the 
catalysts.  A plot of TOF against average crystallite size showed a linear 
relationship, shown in figure 5.4. 
Figure 5.4 TOF versus crystallite size 
 
The graph shows a linear relationship between TOF and crystallite size and that 
the activity of the catalyst for the given reaction increases with crystallite size. 
Catalyst M01079 was used for all further hydrogenation reactions as it exhibited 
the fastest conversion of 4-NAP and complete conversion of 4-AAP as shown in 
figure 5.5. 
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Figure 5.5 4-AAP concentration against time 
 
 
Using this catalyst allowed observation of further hydrogenation products such as 
1-(4-aminocyclohexyl)ethanol (4-ACHE) and 4-ethylaniline (4-EA). 
 
5.4 4-NAP reactions 
Reactions using catalyst M01079 were conducted to investigate the effect of 
temperature and pressure on the rate of hydrogenation of 4-nitroacetophenone 
(4-NAP).  Reactions were carried out over the temperature range 30-60°C at 4 
barg and at 60°C using pressures between 2-5 barg.  From these reactions, an 
activation energy and order of reaction with respect to hydrogen pressure were 
calculated. 
5.4.1 Effect of temperature on 4-NAP hydrogenation 
Reactions were conducted at 4 barg and temperatures of 30-60˚C and the rate 
of hydrogenation increased with increasing temperature as shown in figure 5.6. 
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Figure 5.6 4-NAP concentration against time at different temperatures 
 
 
As hydrogen is supplied to the reaction in excess, pseudo first order kinetics may 
be used to determine the rate of reaction as this is dependent on the 
concentration of 4-NAP. 
For a first order reaction the rate law is –d[A]/dt = k.dt, and so the integrated 
rate law can have the following form: -ln([A]/[A]0) = k.t or ln([A]0/[A]) = k.t, so 
a plot of ln([A]0/[A]) against time will produce a linear plot with gradient equal 
to k.  Figure 5.7 shows plots of ln([4-NAP]0/[4-NAP]) against time for each 
reaction temperature. 
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Figure 5.7 Determining rate constants for 4-NAP hydrogenation 
 
The activation energy was calculated using the Arrhenius equation shown below: 
 
Where  k = rate constant 
A = pre-exponential factor 
Ea = activation energy 
R = ideal gas constant (8.314 J K-1 mol-1) 
T = temperature (K) 
 
Taking the natural logarithm of the Arrhenius equation yields: 
 
So an Arrhenius plot of ln(k) against 1/T will give a straight Line with a gradient 
equal to Ea/R, where R is the ideal gas constant and Ea is the activation energy 
of the reaction. 
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Figure 5.8 Activation energy for 4-NAP hydrogenation 
 
From this gradient the activation energy for hydrogenation of 4-NAP was 
calculated to be 50 ± 4 kJ mol-1. 
It was possible to calculate a first order rate constant for the hydrogenation of 
4-AAP once all of the 4-NAP had reacted and then to use these values to 
calculate an activation energy for 4-AAP hydrogenation.  Calculated in this way 
an activation energy of 61 ± 6 kJ mol-1 was determined. 
 
5.4.2 Effect of 4-NAP concentration on 4-NAP hydrogenation 
In addition, reactions were carried out using different initial concentrations of 4-
NAP to investigate its effect on the rate of hydrogenation and to determine an 
order of reaction with respect to reactant concentration.  Reactions were 
carried out using initial concentrations of 0.0062, 0.0031 and 0.0047 mol L-1 of 4-
NAP and a rate of reaction determined by the rate of disappearance of 4-NAP 
against time. 
The initial concentration of 4-NAP did not have a significant effect on the rate of 
reaction and therefore a zero order of dependence with respect to 4-NAP 
concentration was determined. 
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5.4.3 Effect of pressure on 4-NAP hydrogenation 
Reactions were carried out at 40˚C and 1-5 barg to determine the effect of 
hydrogen pressure on the hydrogenation of 4-NAP.  The rates of hydrogenation of 
4-NAP and of 4-AAP once all of the 4-NAP had been converted are shown in table 
5.2. 
Table 5.2  Rate of hydrogenation at different reaction pressures 
P 
(barg) 
Rate of 4-NAP hydrogenation 
(mol L-1 min-1 g-1) 
Rate of 4-AAP hydrogenation 
(mol L-1 min-1 g-1) 
1 2.9 × 10-3 5 × 10-4 
2 7.2 × 10-3 1.2 × 10-3 
3 9.9 × 10-3 1.8 × 10-3 
4 1.5 × 10-2 2.4 × 10-3 
5 n.m.a 3.7 × 10-3 
an.m. not measured 
The initial rate of the reaction was measured over the first few min because in 
the early stages of the reaction the concentration of reactants was known before 
they were quickly converted to products.  If the elementary reaction between 4-
NAP and hydrogen is considered then the rate equation can be written in the 
form: 
Rate = k[4-NAP]x[H2]
y  
where x is equal to the order of reaction with respect to [4-NAP] and y is the 
order of reaction with respect to [H2].  However, in the previous section a zero 
order dependence was determined, i.e. x = 0, with respect to [4-NAP].  
Therefore the rate equation may be expressed in the following way: Rate = k 
[H2]
y  or ln(rate) = ln(k) + y ln[H2]. 
The ideal gas equation can be used to explain the relationship between the 
concentration and pressure of an ideal gas in the following way. 
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The ideal gas equation, PV = nRT where P is the pressure, V the volume, n is the 
number of moles of gas, R the ideal gas constant and T is the absolute 
temperature may also be expressed: 
 P = nRT/V 
where n/V is equal to concentration therefore the pressure is directly 
proportional to concentration.  This means that ln(rate) = ln(k) + y ln[H2] can be 
expressed: ln(rate) = ln(k) + y ln(P),  where P is equal to the hydrogen pressure, 
and a plot of ln(rate) vs. ln(P) will produce a Linear relationship with gradient 
equal to the order of reaction, y.  In this case, a first order of reaction was 
determined with respect to hydrogen pressure of 1.1 ± 0.1. 
5.4.4 Second addition of 4-NAP 
To investigate the whether there was any deactivation during use of the 
catalyst, a second measure of 4-NAP was added to the reaction mixture after 3 h 
reaction time.  Figure 5.9 shows the concentration of the reactants and products 
over 6 h reaction time. 
Figure 5.9 Second addition of 4-NAP 
 
The graph shows that after a second addition of 4-NAP, the catalyst exhibited a 
similar activity and the same competitive hydrogenation is observed.  The 
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second addition of 4-NAP must be hydrogenated to 4-AAP before the carbonyl 
hydrogenation will occur to produce the alcohol product.  Although the 
concentration of second addition of 4-NAP was the same as the first, the initial 
4-NAP measurement is much less than expected.  The reason for this is thought 
to be because of the time it takes to add a second solution to the reactor it has 
quickly hydrogenated to 4-AAP by the time a sample is taken.  The rate of 
hydrogenation of 4-NAP was comparable after each addition suggesting that the 
activity of the catalyst was maintained and the catalyst can be recycled. 
 
5.5 4-AAP reactions 
Reactions were conducted to investigate the effect of temperature on the rate 
of hydrogenation of 4-aminoacetophenone (4-AAP).  A typical reaction profile is 
shown in figure 5.10.  It shows the hydrogenation of 4-AAP to 4-APE and then to 
4-ACHE with only trace levels of 4-EA produced. 
Figure 5.10 Hydrogenation of 4-AAP at 60°C and 4 barg 
 
Reactions were carried over the temperature range 30-60°C at 4 barg and results 
were used to calculate the activation energy for the reaction.  The method 
described in 5.4.1 was used to determine rate constants for 4-AAP hydrogenation 
at each temperature and the results are shown in figure 5.11. 
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Figure 5.11 Determining rate constants for 4-AAP hydrogenation 
 
These rate constants, k, were then used to determine an activation energy for 
the hydrogenation of 4-AAP alone.  The activation energy for the hydrogenation 
of 4-AAP alone was calculated to be 48 ± 2 kJ mol-1 which is much lower than the 
activation energy determined for 4-AAP hydrogenation following 4-NAP 
hydrogenation (61 kJ mol-1).  This suggests that the presence of 4-NAP affects 
the activation energy for 4-AAP hydrogenation. 
5.6 4-NAP and 4-AAP reactions 
To investigate the effect of the presence of 4-AAP intermediate on the rate of 
hydrogenation of 4-NAP, reactions were conducted at 60˚C and 4 barg using 1:1, 
2:1 and 1:2 molar ratios of 4-NAP:4-AAP as reactant.  The concentration of 4-
NAP remained constant at 0.062 mol L-1; the same concentration used in single 
reactant reactions, and the concentration of 4-AAP reactant varied to achieve 
different molar ratios.  Figure 5.12 shows the distribution of products against 
time for hydrogenation of 4-NAP. 
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Figure 5.12 Hydrogenation of 4-NAP using M01079 catalyst at 60˚C and 4 barg 
 
 
After 5 min, almost 35% of the 4-NAP present at the beginning of the reaction 
(0.0062 mol L-1) has been converted to 4-AAP and by 20 min almost all of the 4-
NAP present has been converted to 4-AAP.  After 240 min all of the 4-AAP has 
been converted to 4-APE and 9% of the 4-APE produced has been further 
hydrogenated to 4-EA (1.5%) and 4-ACHE (7.5%).  When a 2:1 molar ratio of 4-
NAP:4-AAP is used, there is a difference in the rate of conversion as shown in 
figure 5.13. 
 
Figure 5.13 Hydrogenation of 2:1 molar ratio 4-NAP:4-AAP 
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At time zero there is ~33% 4-AAP and ~66% 4-NAP present as they were added in 
this ratio as reactants.  After 5 min, only 15% of the 4-NAP present at the 
beginning of the reaction has been converted to 4-AAP and it takes 25 min to 
convert 0.062 mol L-1 4-NAP when 0.0031 mol L-1 4-AAP is present at the 
beginning of the reaction.  Conversion of 4-AAP to 4-APE begins at 15 min and is 
slow until all of the 4-NAP has been converted to 4-AAP.  After 240 min only 2% 
of 4-APE had been hydrogenated to 4-EA and 4-ACHE combined which shows that 
the presence of 4-AAP at the beginning of the reaction has reduced the overall 
yield of final hydrogenation products.  Figure 5.14 shows the concentration of 4-
NAP and 4-AAP against time for the hydrogenation of 4-NAP alone and molar 
equivalents of 4-NAP and 4-AAP. 
 
Figure 5.14 Hydrogenation of 1:1 molar ratio 4-NAP:4-AAP 
 
 
 
With a 1:1 molar ratio of 4-NAP:4-AAP the conversion of 4-NAP to 4-AAP is much 
slower than the reaction of only 4-NAP.  Rate constants were calculated for 4-
NAP hydrogenation and for 4-AAP hydrogenation at different molar ratios of 
reactants.  Overall the rate of hydrogenation of 4-NAP was slightly slower when 
4-AAP was present but this was independent of the concentration of 4-AAP 
present.  The rate of hydrogenation of 4-AAP however varied depending on the 
concentration of 4-AAP present relative to the 4-NAP present at the beginning of 
the reaction.  Figure 5.15 shows the rate constants calculated for 4-AAP 
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hydrogenation at relative molar equivalents of 4-NAP, i.e. 4-NAP concentration 
constant for all reactions so 4-AAP × 0.5 indicates a 2:1 molar ratio 4-NAP:4-AAP. 
Figure 5.15 Determination of rate constants for 4-AAP hydrogenation 
 
 
The graph shows that as the concentration of 4-AAP present as reactant 
increases the overall rate of hydrogenation of 4-AAP decreases suggesting a 
negative order of reaction.  
 
 
5.7 Addition of an alicyclic amine 
To investigate the effect of the presence of an alicyclic amine on the 
hydrogenation of 4-NAP and 4-AAP, both were independently hydrogenated with 
4-methylcyclohexylamine (4-MCHA) present in a 1:1 molar ratio.   The 4-MCHA 
did not react under the reaction conditions used and its concentration remained 
constant throughout the reaction.  Figure 5.16 shows the hydrogenation of 4-NAP 
in the presence of a molar equivalent of 4-MCHA at 60˚C and 4 barg. 
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Figure 5.16 Hydrogenation of 1:1 4-NAP : 4-MCHA 
 
Figure 5.12 showed the hydrogenation of 4-NAP alone and in that reaction all of 
the 4-NAP was converted to 4-AAP after 20 min.  Figure 5.16 shows that the 
introduction of 4-MCHA promoted the hydrogenation of 4-NAP with 100% 
conversion achieved after 10 min.  Figure 5.17 shows increasing the 
concentration of 4-MCHA present increases the rate of hydrogenation of 4-NAP. 
Figure 5.17 1:2 4-NAP : 4-MCHA 
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A 2:1 molar ratio of 4-MCHA:4-NAP promotes the conversion of 4-NAP to 4-AAP, 
and subsequently the hydrogenation 4-AAP to 4-APE.  Table 5.3 shows the 
calculated rate constants for both hydrogenation of 4-NAP and 4-AAP after 4-NAP 
with and without 4-MCHA present as a reactant. 
Table 5.3 Rate constants for hydrogenation of 4-NAP and 4-NAP with 4-MCHA 
 
Reactants present 
Rate constant (min-1) 
4-NAP hydrogenation 4-AAP hydrogenation 
4-NAP 1.51 × 10-1 1.95 × 10-2 
4-NAP and 4-MCHA (1:1) 2.63 × 10-1 2.67 × 10-2 
4-NAP and 4-MCHA (1:2) 4.06 × 10-1 2.18 × 10-2 
 
The results show that the addition of 4-MCHA has a greater influence on the rate 
of 4-NAP hydrogenation than on 4-AAP hydrogenation after the 4-NAP had been 
converted. 
Reactions were carried out using different molar ratios of 4-AAP:4-MCHA to 
determine if  the presence of an alicyclic amine has an effect on the 
intermediate hydrogenation.  Figure 5.18 shows the hydrogenation of 4-AAP 
alone at 60˚C and 4 barg. 
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Figure 5.18 Hydrogenation of 4-AAP using M01079 catalyst at 60˚C and 4 barg 
 
Hydrogenation of 4-AAP is much slower than the hydrogenation of 4-NAP under 
these conditions.  After 5 min only 10% 4-AAP was converted to 4-APE.  
Hydrogenation of 4-APE to 4-ACHE and 4-EA began after 20 min but by 240 min 
reaction time, less than 10% 4-APE had been hydrogenated to 4-ACHE and 4-EA.  
The presence of a molar equivalent of 4-MCHA affected the rate of 
hydrogenation of 4-AAP, as shown in figure 5.19. 
Figure 5.19 Hydrogenation of 1:1 4-AAP:4-MCHA 
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In the early stages of the reaction there appears to be little difference due to 
the presence of 4-MCHA however, after 20 min an enhancement in rate is 
apparent.  For the hydrogenation of 4-AAP without 4-MCHA, the conversion at 30 
min was ~32% and in the presence of 4-MCHA this was increased to 36% and at 
180 min the conversion without 4-MCHA was 76% but with 4-MCHA it was 91%.  
Rate constants were calculated for the hydrogenation of 4-AAP with and without 
4-MCHA. 
Table 5.4 Rate constants for hydrogenation of 4-AAP and 4-AAP with 4-MCHA 
Reactants present Rate constant (min-1) 
4-AAP 1.16 × 10-2 
4-AAP and 4-MCHA (1:1) 2.09 × 10-2 
4-AAP and 4-MCHA (1:2) 1.79 × 10-2 
 
5.8 Deuterium reactions 
Reactions using deuterium were carried out to investigate the role of hydrogen 
in the rate determining step.  Three reactions were carried out at 60˚C and 4 
barg using 2.7 mmol of 4-NAP, 2.7 mmol 4-AAP and finally 2.7 mmol of each to 
give a 1:1 ratio.  The rate of hydrogenation of 4-NAP was much slower when 
deuterium was employed as shown in figure 5.20. 
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Figure 5.20 4-NAP reaction with hydrogen and deuterium 
 
Under hydrogen, complete conversion of 4-NAP to 4-AAP took about 20 min 
however, complete conversion of 4-NAP under deuterium took thrice as long.  A 
first order rate constant was calculated for the reaction of 4-NAP with hydrogen 
and deuterium respectively by plotting the change in concentration of 4-NAP as 
shown in figure 5.21. 
Figure 5.21 Rate constants for 4-NAP under H2 and D2 
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Reaction of 4-AAP with deuterium was carried out and the first order rate 
constants plotted as above.  A primary kinetic isotope effect (KIE) of ~3 was 
observed for the hydrogenation of 4-NAP.  Rate constants were also calculated 
for the hydrogenation of 4-AAP once all of the 4-NAP had been converted.  
Figure 5.22 shows the rate of hydrogenation of 4-AAP under hydrogenation and 
deuterium. 
Figure 5.22 Rate constants for 4-AAP after 4-NAP under H2 and D2 
 
In this case a KIE of ~1.5 was calculated.  Reaction of 4-AAP with deuterium was 
also carried out and first order rate constants calculated as before as shown in 
figure 5.23. 
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Figure 5.23 Rate constants for 4-AAP under H2 and D2 
 
A small KIE of 1.2 was observed for hydrogenation of 4-AAP as the deuterium 
reaction was only slightly slower than the reaction conducted using hydrogen.  
Finally, the reaction was carried out using 1:1 molar ratios of 4-NAP and 4-AAP 
as reactants with deuterium instead of hydrogen.  The rate of hydrogenation of 
both 4-NAP and 4-AAP was slower using deuterium rather than hydrogen and a 
KIE was observed and calculated for 4-NAP hydrogenation as ~1.8 and 4-AAP 
hydrogenation as ~1.5.  The results contained in this chapter will be discussed in 
the following chapter. 
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6 Discussion 
6.1 Gas-phase hydrogenation 
In this chapter, the results from gas-phase hydrogenation reactions will be 
discussed.  It was found that all of the catalysts tested exhibited different 
activity and selectivity to furfuryl alcohol and so each catalyst will be discussed 
separately. 
6.1.1 Ceria catalyst 
Cerium(III) nitrate hexahydrate (Ce(NO3)3.6H2O)  was used to prepare 5% 
CeOx/SiO2 by wet impregnation of Cariact Q10 silica support.  BET surface area 
measurements for the silica support and the resulting supported ceria catalyst 
are shown in table 6.1. 
Table 6.1 BET measurements for Cariact Q10 silica and 5% CeOx/SiO2 catalyst 
 
Catalyst 
BET Single Point 
Surface area 
(m2g-1) 
Average pore diameter 
(nm) 
Pore volume 
(cm3g-1) 
Cariact Q10 silica 276 14.6 1.01 
5% CeOx/SiO2 254 15.1 0.96 
 
The table shows that impregnation of the silica reduced the pore volume and 
surface area as the cerium salt blocked the silica pores.  TPO and TPR were 
carried out to determine the effect of pre-treatments of the catalysts prior to 
testing.  Figure 6.1 shows the pre-reaction TPO for 5% CeOx/SiO2. 
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Figure 6.1 Pre-reaction TPO of 5% CeOx/SiO2 
 
TPO showed three endothermic weight losses at 70, 200 and 340˚C.  
Ce(NO3)3·6H2O loses water of crystallisation to produce the trihydrate at around 
150°C [105] and then decomposes around 200°C by the following redox reaction 
[106]: 
2Ce(NO3)3  2CeO2  +  6NO2  +  O2 
For complete decomposition of the cerium nitrate present, the theoretical 
weight loss would be 5.5%.  As the observed weight loss for this sample was 
7.17%, of which ~2% represented the loss of physically adsorbed water and water 
of crystallisation, it is reasonable to conclude that most of the cerium nitrate 
has formed CeO2.  XRD confirmed the presence of CeO2 after calcination at 
300˚C with peaks at 28, 47, and 56°; characteristic of CeO2 [107]. 
TPR of unsupported CeO2 shows three peaks at 416°C, due to the removal of 
adsorbed oxygen [108], 680 and 940°C which are attributed to surface and bulk 
ceria reduction respectively [109-111]. 
2CeO2  + H2  Ce2O3  + H2O 
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For ceria dispersed on alumina, removal of adsorbed oxygen and surface ceria 
reduction requires a higher temperature than that of pure ceria [112].  On the 
contrary, bulk ceria reduction is facilitated when dispersed on alumina however 
this occurs at temperatures in excess of 800°C [112]. 
TPR of pre-calcined 5% CeOx/SiO2 catalyst showed three weight loss peaks at 55, 
200 and 280°C, shown in figure 6.2, and 1.67% of the original sample weight was 
lost. 
Figure 6.2 Pre-reaction TPR of calcined 5% CeOx/SiO2 
 
The theoretical weight loss associated with reduction of CeO2 to form Ce2O3 for 
5% CeOx/SiO2 catalyst is only 0.32%, and the experimental value was much 
higher.  This difference can be attributed to the loss of physisorbed water and 
mass spectrometry also showed the evolution of m/z 30 and m/z 44 at 
temperatures below 180˚C.  The evolution of m/z 30 corresponded to desorption 
of any remaining NO species as a result of decomposition of the nitrate 
precursor, and m/z 44 can be attributed to desorption of atmospheric CO2.  
From the experimental weight lost it is likely that the active phase present on 
the catalytic surface was Ce2O3; formed as a result of pre-treatment conditions. 
5% CeOx/SiO2 exhibited low activity for the hydrogenation of furfural showing 
13% conversion after 4 h on stream.  It was also noted that at this stage in the 
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reaction 5 times as much furan was produced compared to furfuryl alcohol and 
no 2-methylfuran was detected.   
Figure 6.3 Product distribution at 4 h on stream using 5% CeOx/SiO2 
 
Previous studies have suggested that ceria is an inactive catalyst and unsuitable 
support for the hydrogenation of aldehydes to alcohols [62,113].  The results 
observed in this study are in accordance with prior reports.  Additionally, the 
production of furan by decarbonylation can form polymeric carbon by-products 
which foul the catalyst surface [114]. Catalyst deactivation was observed and 
after just 30 h on stream 5% CeOx/SiO2 was inactive. 
BET measurements were carried out on a post-reaction sample of 5% CeOx/SiO2 
and table 6.2 shows a comparison between pre-reaction and post-reaction (in 
bold text) samples. 
Table 6.2 BET measurements pre- and post-reaction 
 
Catalyst 
BET Single Point 
Surface area 
(m2g-1) 
Average pore Diameter 
(nm) 
Pore volume 
(cm3g-1) 
5% CeOx/SiO2 254 193 15.1 15.1 0.96 0.73 
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The table shows that there was a 24% reduction in surface area after 30 h on 
stream and although the pore diameter was unchanged there was a significant 
impact on the pore volume.  These results suggest that as a result of the 
reaction, carbonaceous material was left on the surface blocking the pores. 
TPO of post-reaction 5% CeOx/SiO2 showed three weight loss peaks as seen in 
figure 6.4. 
Figure 6.4 Post-reaction TPO of 5% CeOx/SiO2 
 
 
The low temperature peak at 100°C was endothermic while the peak at 360°C 
and the shoulder peak at 550°C were exothermic.  Mass spectrometry data 
confirmed the evolution of water from the surface of the catalyst around 100°C.  
However, water was not detected at the higher temperatures. 
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Figure 6.5 Mass spectrometry data for post-reaction TPO of 5% CeOx/SiO2 
Mass spectrometry data showed that m/z 28 and m/z 44 were detected at 360 
and 550°C respectively.  This corresponds to the loss of CO and CO2 from the 
surface of the catalyst.  The weight lost during post-reaction TPO was 14.5% 
which represents significant carbon laydown.   
Additionally, m/z 68 was detected at around 300°C and could correspond to 
furan.  Extensive research has shown that unsaturated aromatic compounds are 
excellent precursors for coke formation [115-117].  It is feasible that furan by-
product acts as a precursor to coke formation. 
In general, supported ceria proved to be an inactive catalyst for the 
hydrogenation of furfural to furfuryl alcohol, and instead was active for the 
decarbonylation reaction producing furan.  Furan on the surface may have acted 
as a precursor for coke formation which clogged the catalyst pores inhibiting any 
further reaction. 
 
6.1.2 Copper catalysts 
Copper(II) nitrate hemipentahydrate (Cu(NO3)2·2.5H2O)  was used to prepare 5% 
and 10% Cu/SiO2 by wet impregnation of Cariact Q10 silica support.  BET surface 
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area measurements for the silica support and the resulting supported copper 
catalysts are shown in table 6.3. 
Table 6.3 BET measurements for Cariact Q10 silica, 5% Cu/SiO2 and 10% 
Cu/SiO2  
 
Catalyst 
BET Single Point 
Surface area 
(m2g-1) 
Average pore 
diameter (nm) 
Pore volume 
(cm3g-1) 
Cariact Q10 silica 276 14.6 1.01 
5% Cu/SiO2 236 13.9 0.82 
10% Cu/SiO2 235 13.1 0.77 
 
The table shows that impregnation using the copper salt caused a reduction in 
surface area, pore volume and pore diameter.  Additionally, the higher the 
copper loading the greater the reduction in pore volume and pore diameter.  
This suggests that pores become blocked reducing the surface area of the 
catalyst.  TPO and reduction TPR were carried out to determine the effect of 
pre-treatments of the catalysts prior to testing.  Figure 6.6 shows the pre-
reaction TPO profile obtained for 5% Cu/SiO2. 
Figure 6.6 Pre-reaction TPO of 5% Cu/SiO2 
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The results showed endothermic weight losses between 50 and 400°C.  A pair of 
peaks at 100˚C represents the release of physically adsorbed water from the 
catalyst surface, evidenced by mass fragment m/z 18 detected at this 
temperature using mass spectrometry.  Further weight loss peaks were observed 
at 190, 215 and 230°C, and mass fragments m/z 30 and m/z 44 were observed at 
these temperatures, corresponding to NO and N2O species, respectively.  
Decomposition of copper nitrate can occur as follows: 
2Cu(NO3)2  2CuO + 4NO2 + O2 
For complete decomposition of the copper nitrate present in a 5% Cu/SiO2 
catalyst the theoretical weight loss would be 8.5%.  The experimental weight 
loss for this sample was 11.54% which is higher than the theoretical value as it 
includes the loss of physically adsorbed water and water of crystallisation.  
Therefore, significant nitrate decomposition occurred during TPO and XRD 
results confirm the presence of CuO after calcinations at 300°C, as shown in 
figure 6.7. 
Figure 6.7 XRD patterns for as-prepared and calcined samples of 5% Cu/SiO2 
 
The peak at 22˚ is characteristic of silica and no other peaks were detected for 
5% Cu/SiO2 prior to pre-treatment suggesting an amorphous character.  A peak 
associated with copper(II) nitrate hydrate or hydroxide was not detected for this 
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catalyst and suggests that the sample was mainly amorphous to X-rays [104]. 
Calcination of the sample however, generated peaks at 35° and 38° and 
confirms the presence of some cupric oxide (CuO) in the tenorite form.  Similar 
results were observed for 10% Cu/SiO2 where the theoretical weight Loss for the 
decomposition of twice as much nitrate is 17% and the experimental value was 
much higher at 24.81%.  
TPR was used to investigate the reducibility of copper catalysts and the effect of 
copper loading on the reduction profile.  Both catalysts showed more than one 
hydrogen consumption peak as shown in figure 6.8. 
Figure 6.8 Effect of copper loading on reduction temperature 
 
For 5% Cu/SiO2, reduction peaks were observed at 268°C and 274°C but for 10% 
Cu/SiO2, the reduction peaks were slightly higher at 293°C and 323°C.  This 
suggests that at lower copper loadings, the copper(II) species was well 
dispersed, providing a large surface area for reaction to occur [118] and also 
producing smaller, more easily reducible CuO particles.  It has been suggested 
that the reduction of higher loaded copper catalysts is controlled by the rate of 
diffusion of hydrogen through the CuO particles [24]. 
Pure CuO supported on silica can be reduced in one step at ~290°C however, 
supported copper can exist as isolated ions, clusters and bulk CuO, and 
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aggregates can be reduced at ~200°C [112].  More than one peak in a TPR profile 
can indicate either a single stage reduction (Cu2+  Cu0) of more than one type 
of Cu(II) species or a two-stage reduction (Cu2+  Cu1+  Cu) of a single Cu(II) 
species present.  The overall reduction of copper oxide has a theoretical weight 
loss of 20% and follows: 
CuO + H2  Cu + H2O 
Table 6.4 shows the theoretical and experimental weight Losses associated with 
the reduction of 5% Cu/SiO2 and 10% Cu/SiO2 catalysts. 
Table 6.4 Theoretical and experimental weight Lost through TPR 
Catalyst 
Theoretical weight loss for 
reduction (%) 
Experimental weight loss for 
reduction (%) 
5% Cu/SiO2 1.42 1.22 
10% Cu/SiO2 2.83 2.52 
 
The experimental weight loss was calculated for the reduction region for each 
catalyst and was found to be slightly lower than the expected weight loss for 
complete reduction of 5% and 10% CuO, respectively. 
The reduction of uncalcined copper nitrate/silica catalysts has been studied and 
it was found that copper nitrate decomposed to Cu(NO3)2·2Cu(OH)2  between 
100–150°C [119].  Under nitrogen, weight was lost between 300 and 400°C 
corresponding to the decomposition of copper nitride, decomposition of NO and 
decomposition of Cu(NO3)2.2Cu(OH)2.  An additional weight loss was observed 
under hydrogen between 200-250°C due to the reduction of Cu(NO3)2·2Cu(OH)2 
to form metallic copper.  Two reduction routes were proposed: 
Cu(NO3)2.2Cu(OH)2  +  11H2  3Cu + 2NH3 + 10H2O 
Cu(NO3)2 + 9H2  Cu + 2NH3 + 6H2O 
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It is reasonable that a combination of these reactions occurred on the catalyst as 
a result of calcination and reduction to form metallic copper.  The production of 
ammonia would have been difficult to detect as water was also formed.  XRD 
patterns confirmed the presence of Cu crystals post-reaction as shown in figure 
6.9. 
Figure 6.9 XRD patterns for calcined and reduced 5% Cu/SiO2 
 
The peaks present in the calcined sample at 35° and 38° corresponding to CuO 
are not detectable in the reduced sample, however peaks at 43° and 50° 
corresponding to Cu were observed.  Using the Scherrer equation, the size of the 
resulting Cu crystals was calculated to be 18 nm. 
Silica supported copper catalysts proved to be active catalysts for the 
hydrogenation of furfural and the higher the copper loading, the greater the 
activity for furfural conversion as shown in figure 6.10. 
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Figure 6.10 Product distribution at 25 h on stream 
 
10% Cu/SiO2 exhibited improved activity compared to that of 5% Cu/SiO2 for the 
reaction with 68% furfural conversion at 25 h on stream.  Nagaraja et al. 
proposed that the presence of more Cu, or Less CuO, resulted in a high catalytic 
activity toward the formation of furfuryl alcohol through hydrogenation of 
furfural [39].  However, both catalysts achieved 98% selectivity towards furfuryl 
alcohol at around 27 h on stream. 
BET measurements were carried out on post-reaction samples of 5% Cu/SiO2 and 
10% Cu/SiO2.  Table 6.5 shows a comparison between pre and post-reaction (in 
bold text) samples. 
Table 6.5 BET measurements pre- and post-reaction of 5% and 10% Cu/SiO2 
 
Catalyst 
BET Single Point 
Surface area 
(m2g-1) 
Average pore 
Diameter (nm) 
Pore volume 
(cm3g-1) 
5% Cu/SiO2 236 128 13.9 12.6 0.82 0.40 
10% Cu/SiO2 235 90 13.1 12.2 0.77 0.28 
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Both catalysts show a dramatic reduction in both surface area and pore volume 
with 5% Cu/SiO2 having lost 45% surface area and 10% Cu/SiO2 lost 62%.  Post-
reaction XRD patterns showed a Cu peak and smaller average crystallite sizes 
than the corresponding reduced samples, so significant sintering did not occur.  
Catalyst deactivation was most likely caused by the build-up of carbonaceous 
material on the surface of the catalyst which subsequently blocked pores.  Post-
reaction TPD and TPO with mass spectrometry were used to try to identify any 
species that remained on the surface of the catalysts post-reaction.  For TPD, 
argon flow was used and the mass spectrometry results for TPD of 5% Cu/SiO2 
are shown in figure 6.11. 
Figure 6.11 Mass spectrometry results from TPD of 5% Cu/SiO2 
 
Mass spectrometry results showed peaks for m/z 68 and 82 characteristic of 
furan and 2-methyfuran, respectively, suggesting that by-products are left on 
the catalyst surface post-reaction.  These by-products could lead to coke 
formation as aromatic molecules are known for their coke forming tendencies 
[115] and a study conducted by Voge et al. [116] reported a direct relationship 
between the aromatic content of the feed solution and the amount of coke 
deposited on a silica-alumina catalyst. 
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Figure 6.12 Mass spectrometry data for post-reaction TPO of 10% Cu/SiO2 
 
During post-reaction TPO, 10% Cu/SiO2 Lost over 34% of its original sample 
weight and mass fragments m/z 28 and 44 were detected.  A study of coke 
formation over a copper catalyst identified three weight loss regions pertaining 
to different species present on the catalyst surface [120].  Simón et al. reported 
the removal of water and volatile materials from the surface at temperatures up 
to 200°C [120].  Weight lost above 200°C but below 370°C was attributed to 
desorption of more mobile carbonaceous residues or physisorbed products/side-
products.  This type of coke is referred to as soft coke and can comprise of 
mainly high molecular weight aliphatic oligomers.  In the third weight loss region 
(>370°C) hard coke, or bulkier carbonaceous compounds such as polynuclear 
aromatics were desorbed [121].  These results suggest the presence of both soft 
and hard coke on the surface of the catalyst.  Table 6.6 shows the % weight lost 
in each temperature region for both 5% Cu/SiO2 and 10% Cu/SiO2. 
Table 6.6 Coke content of post-reaction 5% Cu/SiO2 and 10% Cu/SiO2 
Catalyst 
Coke content (wt.%) 
Soft cokea Hard cokeb Total coke 
5% Cu/SiO2 13.12 12.67 25.79 
10% Cu/SiO2 14.58 14.85 29.43 
a 180 – 500°C, b >500 – 1000°C 
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The table shows that both catalysts have significant coke content with almost 
equal quantities of soft and hard coke present.  Mass spectrometry data showed 
the desorption of furan and 2-methylfuran at ~400°C suggesting that these 
species act as poisons or as precursors to coke formation.  Hard type coke was 
formed on the surface clogging pores as seen in post-reaction BET measurements 
and most likely consisted of polynuclear aromatic compounds [121]. 
Silica supported copper catalysts proved to be active and selective catalysts for 
the hydrogenation of furfural to furfuryl alcohol.  Calcination caused 
decomposition of the nitrate precursor to form CuO which was subsequently 
reduced to Cu prior to reaction.  The higher the copper loading the greater the 
furfural conversion as more Cu sites were present and both catalysts achieved 
98% selectivity for furfuryl alcohol.  However catalyst deactivation was observed 
and post-reaction characterisation showed a dramatic reduction in surface area 
and pore volume and TPO confirmed that there was significant carbon laydown 
as result of the reaction.   
  
6.1.3 Copper and ceria catalysts 
Co-impregnation of Cariact Q10 silica using copper(II) nitrate hemipentahydrate 
(Cu(NO3)2·2.5H2O) and cerium(III) nitrate hexahydrate (Ce(NO3)3·6H2O) was used 
to prepare catalysts with different levels of Cu and CeOx present.  Table 6.7 
shows the BET measurements for each of the catalysts prepared by this method. 
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Table 6.7 BET measurements for Cu/SiO2 and Cu + CeOx/SiO2 catalysts 
 
Catalyst 
 
Molar  
Cu:CeOx 
BET Single Point 
Surface area 
(m2g-1) 
Average pore 
diameter (nm) 
Pore volume 
(cm3g-1) 
Cariact Q10 silica / 276 14.6 1.01 
5% Cu/SiO2 0 236 13.9 0.82 
10% Cu/SiO2 0 235 13.1 0.77 
5% Cu + 1% CeOx/SiO2 11 232 14.9 0.87 
5% Cu + 5% CeOx/SiO2 2.2 215 14.5 0.78 
10% Cu + 5% CeOx/SiO2 4.4 154 13.2 0.51 
 
Table 6.7 shows that both an increase in metal loading and the addition of more 
than one metal reduced the surface area and pore volume.  The reduction in 
pore volume indicates that the pores of the support were blocked during catalyst 
preparation.  Ceria can act as a promoter and a reducible support and has 
proven to improve the dispersion of supported metals [122,123].  By comparison 
of the catalysts containing 5% Cu and varying levels of CeOx it can be seen that 
1% CeOx had little effect on the surface area, pore volume or pore diameter.  
Further investigation of the effect of cerium addition to support copper catalysts 
was carried out by TPO and TPR. 
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Figure 6.13 Pre-reaction TPO for Cu-CeOx catalysts 
 
Pre-reaction TPO profiles for 5% Cu/SiO2, 5% Cu + 1% CeOx/SiO2 and 5% Cu + 5% 
CeOx/SiO2 are shown above.  Weight losses were observed at ~100°C, 180–220°C 
and 270°C and these corresponded to the evolution of m/z 18, m/z 30 and m/z 
44, respectively.  From the TPO, it was observed that 5% Cu + 5% CeOx/SiO2 
exhibited a significantly larger peak at 190°C compared to the other catalysts, 
which may correspond to decomposition of more nitrate present.  Mass 
spectrometry data for pre-reaction TPO of 5% Cu + 5% CeOx/SiO2 is shown in 
figure 6.14. 
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Figure 6.14 Mass spectrometry results for pre-reaction TPO of 5% Cu + 5% 
CeOx/SiO2 
 
The weight loss at ~100°C corresponded to the release of physisorbed water 
from the catalyst surface.  Mass fragment m/z 30 and also m/z 46 were detected 
at 190 and 270°C indicating decomposition of the nitrate precursor to form 
copper oxide.  Table 6.8 shows the theoretical weight loss for each catalyst if 
assuming all Cu(NO3)2 and Ce(NO3)3 decompose to produce CuO and CeO2, 
respectively. 
Table 6.8 BET measurements for Cu/SiO2 and Cu + CeOx/SiO2 catalysts 
Catalyst 
Theoretical weight loss (%) 
Cu(NO3)2  CuO and 
Ce(NO3)3  CeO2 
Experimental weight 
Loss (%) 
< 150˚C 150–400˚C 
5% Cu + 1% CeOx/SiO2 9.60 7.68 5.96 
5% Cu + 5% CeOx/SiO2 14.0 9.51 9.38 
10% Cu + 5% CeOx/SiO2 22.50 9.79 12.71 
 
 
The table also shows the experimental weight loss below 150˚C and between 
150-400˚C corresponding with the loss of physisorbed water and the 
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decomposition of nitrate precursor.  The results show a significant loss 
associated with the evolution of water from the catalyst and the reduction 
weight losses were lower than the theoretical values.  This suggests that the 
nitrate precursor is not fully decomposed through calcination, however the XRD 
patterns shown in figure 6.15 show the presence of some CuO and CeO2. 
 
Figure 6.15 XRD patterns for calcined Cu and Cu-CeOx catalysts 
 
The XRD patterns show the presence of CuO as a result of calcination pre-
treatment.  Additionally, with increasing ceria content the intensity of the CuO 
peaks decreases.  For a supported crystalline oxide, particle size is proportional 
to its signal intensity and therefore the presence of ceria has reduced CuO 
particle size [107].  Similarly, 10% Cu/SiO2 and 10% Cu + 5% CeOx/SiO2 catalysts 
differed in that the weight Loss peak at 190°C was more intense for the catalyst 
containing CeOx. 
The effects of CeOx on the reducibility of the catalysts was investigated by TPR 
and figure 6.16 shows the reduction peaks for 5% Cu/SiO2 and catalysts 
containing 1% and 5% CeOx. 
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Figure 6.16 Effect of CeOx on the reducibility of 5% Cu catalysts 
 
The figure shows the reduction peaks for 5% Cu/SiO2, 5% Cu + 1% CeOx/SiO2 and 
5% Cu + 5% CeOx/SiO2.  Firstly, the presence of ceria in the catalyst increased 
the reduction temperature, which was unexpected as a previous study by Liu et 
al. showed that association of copper and ceria resulted in enhanced reducibility 
of Cu-CeO2 catalysts [124].  Secondly, the presence of ceria altered the intensity 
of the lower temperature, α peak compared to the higher temperature β peak.  
This can be seen most clearly in the reduction trace for 5% Cu + 5% CeOx/SiO2 
where the α-peak has a much greater intensity than that of the higher 
temperature β peak.  According to literature data [125,126] the lower 
temperature α-peak is attributed to the reduction of highly dispersed copper 
oxide, which includes isolated copper ions and well dispersed clusters.  The 
higher temperature β-peak was attributed to the reduction of bulk CuO [127-
132]. 
For 10% Cu/SiO2 and 10% Cu + 5% CeOx/SiO2 the presence of CeOx has less an 
effect on the reducibility of the catalyst.  In figure 6.17, the reduction peaks for 
10% Cu/SiO2 at 290°C and 325°C are more defined than the peaks for 10% Cu + 
5% CeOx/SiO2. 
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Figure 6.17 Effect of CeOx on the reducibility of 10% Cu catalysts 
 
For the reduction of 10% Cu + 5% CeOx/SiO2, the β-peak is less intense suggesting 
less bulk CuO is present.  This peak is also at a slightly lower temperature 
suggesting that any CuO present is more easily reduced in the presence of CeOx.  
Many authors have studied mixed Cu-Ce oxides with various copper contents 
[133-138], and reported that strong interaction occurs easily at the interface 
between highly dispersed copper oxide and ceria due to their close contact with 
each other.  This strong interaction can lead to low temperature reduction of 
copper oxide, and concurrently, to partial reduction of ceria at low temperature 
[135,138]. 
XRD patterns for Cu-CeOx catalysts show the presence of Cu post reduction and 
for 5% Cu + 5% CeOx/SiO2, peaks corresponding to Ce2O3 can also be seen.  Figure 
6.18 shows the hot-stage XRD results for the reduction of 5% Cu/SiO2, 5% Cu + 1% 
CeOx/SiO2 and 5% Cu + 5% CeOx/SiO2. 
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Figure 6.18 XRD patterns for reduced Cu and Cu-CeOx catalysts 
 
Peaks at 28.57° and 47.51° are characteristic of Ce2O3 and these can be seen in 
the reduction pattern for 5% Cu + 5% CeOx/SiO2 suggesting that reduction of 
some CeO2 takes place during reduction conditions. 
Table 6.9 shows the weight lost through pre-reaction TPO and TPR or Cu and Cu-
CeOx catalysts and good correlation can be seen as the sum of the weight lost 
through TPO followed by TPR almost equals the weight lost through TPR of an 
uncalcined sample. 
Table 6.9 Weight Lost through pre-reaction TPO and TPR 
 
Catalyst 
Weight Lost (% of original sample) 
Pre-reaction TPO Pre-reaction TPR 
calcined 
Pre-reaction TPR 
uncalcined 
5% Cu/SiO2 11.5 2.5 13.2 
10% Cu/SiO2 24.8 4.5 30.2 
5% Cu + 1% CeOx/SiO2 13.6 2.4 13.9 
5% Cu + 5% CeOx/SiO2 18.9 2.8 20.6 
10% Cu + 5% CeOx/SiO2 22.8 3.7 26.7 
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Ceria doped copper catalyst proved to be active and selective catalysts for 
furfural hydrogenation.  Their catalytic performance was compared, in figure 
6.19, to that of copper only catalysts to determine the effect of the presence of 
ceria dopant. 
Figure 6.19 Furfural conversion against time for Cu and Cu-CeOx catalysts 
 
The figure shows that 5% Cu + 1% CeOx/SiO2 exhibited the lowest activity and 5% 
Cu/SiO2 showed the highest activity.  Both of these catalysts however, 
deactivated rapidly with time on stream.  5% Cu + 5% CeOx/SiO2 achieved 
moderate activity and a much slower deactivation. 
A study of Ce promoted Ni-B amorphous alloy catalysts for furfural 
hydrogenation [62] reported an optimum ceria content of 1.28% and found that 
higher levels had a detrimental impact on the activity of the catalyst.  It is 
thought that the furfural molecule adsorbs in both the pyranic and linear form 
and that the Ce3+ present could act as Lewis acid sites.  Furfural could become 
adsorbed via donation of a lone electron pair from the oxygen of the carbonyl 
group which would polarised the C=O bond making it more the carbon more 
susceptible to nucleophilic attack.  It is reasonable that the presence of both Cu 
active sites for hydrogen adsorption and the surface Ce3+ species for C=O 
adsorption allowed for high furfural hydrogenation activity.  A higher than 
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optimum Ce3+  surface concentration could block Cu active sites and cause a 
reduction in activity [15]. 
Figure 6.20 Furfuryl alcohol concentration against furfural conversion 
 
Figure 6.20 shows furfuryl alcohol concentration against furfural conversion and 
indicates how selective the catalysts were towards the formation of the 
unsaturated alcohol product.  At a given conversion, the catalyst that exhibited 
the highest furfuryl alcohol concentration was the most selective and inversely 
at that same conversion, the catalyst that exhibited the lowest furfuryl alcohol 
concentration was the least selective.  In this case, 5% Cu + 1% CeOx/SiO2 
appeared to be the most selective catalyst, followed by 5% Cu/SiO2 and 5% Cu + 
5% CeOx/SiO2 was the least selective. 
Figure 6.19 shows furfural conversion against time on stream and all catalysts 
showed deactivation as furfural conversion decreased with time on stream.  5% 
Cu + 5% CeOx/SiO2 showed the slowest deactivation post-reaction analysis was 
used to identify the cause and extent of catalyst deactivation. 
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Table 6.10 BET measurements pre- and post-reaction 
 
Catalyst 
BET Single Point 
Surface area 
(m2g-1) 
Average pore 
Diameter (nm) 
Pore volume 
(cm3g-1) 
5% Cu/SiO2 236 128 13.9 12.6 0.82 0.40 
10% Cu/SiO2 235 90 13.1 12.2 0.77 0.28 
5% Cu + 1% CeOx/SiO2 232 224 14.9 14.1 0.87 0.70 
5% Cu + 5% CeOx/SiO2 215 126 14.5 13.7 0.78 0.43 
10% Cu + 5% CeOx/SiO2  154 150 13.2 13.8 0.51 0.52 
 
Table 6.10 shows that all catalysts exhibited a reduction in surface area and 
pore volume with 10% Cu/SiO2 showing over 60% reduction in surface area and 
pore volume.  Contrastingly, however 10% Cu + 5% CeOx/SiO2 showed only a 
slight reduction in surface area and 50 h on stream and little effect on the pore 
volume or diameter.  Additionally, where 5% Cu/SiO2 and 5% Cu + 5% CeOx/SiO2 
exhibited a similar reduction in both surface area and pore volume, 5% Cu + 1% 
CeOx/SiO2 retained much of its surface area, pore diameter and pore volume. 
The post-reaction XRD pattern for 5% Cu + 1% CeOx/SiO2 showed a peak at 
43°corresponding to Cu which was less intense than the peak observed for the 
reduced sample.   The Scherrer equation was used to calculate the average Cu 
crystallite size for reduced and post-reaction samples of Cu and Cu-CeOx 
catalysts and the results are shown in table 6.11. 
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Table 6.11 Average crystallite sizes from XRD 
Catalyst 
Average crystallite  size (nm) 
Cu (reduced) Cu (post-reaction) 
5% Cu/SiO2 18.3 11.8 
5% Cu + 1% CeOx/SiO2 14 8.3 
5% Cu + 5% CeOx/SiO2 40.5 172.8 
10% Cu + 5% CeOx/SiO2 n.m. 9.3 
 
The table shows that post-reaction Cu crystal sizes are slightly smaller than Cu 
crystals present after reduction of 5% Cu/SiO2 and 5% Cu + 1% CeOx/SiO2.  5% Cu 
+ 5% CeOx/SiO2 however, shows much larger Cu crystals post-reaction which is 
indicative of sintering and the most likely cause of catalyst deactivation. 
Post-reaction TPD of 5% Cu + 5% CeOx/SiO2 shows a large weight loss at 420°C 
and almost 9% of the original sample weight was lost during TPD.  Mass 
spectrometry results are shown in figure 6.21. 
Figure 6.21 Mass spectrometry results from TPD of 5% Cu + 5% CeOx/SiO2 
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Evolution of m/z 96 corresponding to furfural, m/z 82 corresponding to 2-
methylfuran and m/z 68 corresponding to furan were detected at 420°C.  Post-
reaction TPD of 5% Cu + 1% CeOx/SiO2 also showed a 5% weight loss at 420˚C 
corresponding to desorption of m/z 68, 82, 96, suggesting that catalyst 
deactivation was the result of furfural and by-products which poisoned the 
catalyst surface. 
Silica supported copper catalysts have been shown to be selective towards 
furfuryl alcohol and 1% CeOx was found to enhance the selectivity.  5% CeOx was 
found to reduce the selectivity of the catalyst possibly by the blocking Cu active 
sites.  Previous studies have shown an optimum CeOx content promotes activity 
and more than this has a detrimental impact on the selectivity of the catalyst.  
5% Cu + 5% CeOx/SiO2 catalyst showed a slow deactivation and post-reaction XRD 
suggested sintering was the cause of deactivation.  TPD of 5% Cu + 1% CeOx/SiO2 
showed desorption of furfural, 2-methylfuran and furan suggesting that the 
catalyst was poisoned causing deactivation.   
 
6.1.4 Palladium promoter 
Co-impregnation of Cariact Q10 silica was used to prepare a 10% Cu + 5% CeOx + 
0.05% Pd/SiO2 catalyst using a solution of the corresponding metal nitrate salts.  
BET surface area measurements for the silica support and the resulting 
supported copper catalysts are shown in table 6.12. 
Table 6.12 BET measurements for Cariact Q10 silica and 10% Cu catalysts 
 
Catalyst 
BET Single Point 
Surface area 
(m2g-1) 
Average pore 
diameter (nm) 
Pore volume 
(cm3g-1) 
Cariact Q10 silica 276 14.6 1.01 
10% Cu/SiO2 235 13.1 0.77 
10% Cu + 5% CeOx/SiO2 154 13.2 0.51 
10% Cu+ 5% CeOx + 0.05% Pd/SiO2 190 14.5 0.69 
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Comparison of 10% Cu + 5% CeOx/SiO2 and 10% Cu + 5% CeOx + 0.05% Pd/SiO2 
catalysts shows both an increased surface area and pore volume when Pd was 
present.  TPO was used to investigate the effect of calcinations on the active 
phase of the catalyst and table 6.13 shows the theoretical and experimental 
weight losses for 10% Cu and Pd–promoted Cu catalysts. 
Table 6.13 TPO weight Losses for Cu-Ce and Pd promoted Cu-Ce catalysts 
Catalyst 
Theoretical weight 
loss (%) 
Experimental weight 
loss (%) 
10% Cu + 5% CeOx/SiO2 22.50 22.77 
10% Cu + 5% CeOx + 0.05% Pd/SiO2 22.55 24.23 
 
The experimental weight loss for 10% Cu + 5% CeOx/SiO2 was very similar to the 
theoretical weight loss, however physisorbed water has been included in the 
experimental value so it is likely that not all of the nitrate precursor 
decomposed.  For the 10% Cu + 5% CeOx + 0.05% Pd/SiO2 the experimental value 
was slightly higher than the theoretical which suggests that more of the nitrate 
precursor decomposed. 
TPR was carried out using hydrogen and the resulting TPR profiles are shown in 
figure 6.22.  For all samples, two reducing peaks were seen between 270-330°C 
which is in agreement with results reported by Shimokawabe et al. [139]. 
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Figure 6.22 Effect of CeOx and Pd on the reducibility of Cu catalysts 
 
The figure shows the reduction peaks for 10% Cu/SiO2, 10% Cu + 5% CeOx/SiO2 
and 10% Cu + 5% CeOx + 0.05% Pd/SiO2.  There were two well defined reduction 
peaks observed for 10% Cu/SiO2 at 290°C and 325°C.  Previous studies have 
reported two reduction peaks corresponding to the reduction of CuO particles at 
lower temperatures and the reduction of bulk CuO at higher temperatures.  Here 
we can see that the α peak is more intense than the β peak for each of the 
catalysts.  However, when 5% CeOx is incorporated the reduction peaks become 
less defined with greater overlap as a result of the β peak shifting to a lower 
temperature of 315°C.  With the further addition of 0.05% Pd both the α peak 
and the β peak have shifted to a lower temperature and the intensity of the β 
peak is greatly reduced.  A higher intensity lower temperature reduction peak 
was also observed for Pd-promoted copper/zirconia catalysts by Lin et al. [140].  
This has been attributed to hydrogen spillover from Pd to support and also in the 
interface between copper and support.  Dissociation of hydrogen occurred on Pd 
and spread over the silica support and facilitated the reduction of the CuO 
species present [141].  Theoretical and experimental weight losses as a result of 
TPR are shown in table 6.14 and suggest that significant reduction of Cu and 
CeOx have occurred. 
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Table 6.14 Weight loss through TPR 
Catalyst 
Theoretical loss of 
mass (%) 
Experimental loss of 
mass (%) 
10% Cu/SiO2 2.83 4.49 
10% Cu + 5% CeOx/SiO2 3.16 3.73 
10% Cu + 5% CeOx + 0.05% Pd/SiO2 3.16 3.79 
 
10% Cu + 5% CeOx + 0.05% Pd/SiO2 was tested to investigate if incorporating a 
small amount of palladium had an effect on activity or selectivity. 
Figure 6.23 Product distribution using 10% Cu + 5% CeOx/SiO2 (±Pd) at 24 h TOS 
 
The results show a dramatic difference in furfural conversion when Pd is present 
with only half as much furfural converted over 10% Cu + 5% CeOx/SiO2 catalyst.  
The Pd-promoted catalyst was also more selective towards furfuryl alcohol as 
fewer and lower levels of by-products were formed.  Seo and Chon observed 
enhanced conversion to furfuryl alcohol over Pd-CuY catalyst [142].  They 
proposed an interaction between Cu2+ and the furan ring inhibited hydrogenation 
of the aromatic ring and the role of Pd was activation of hydrogen.  
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The effect of catalyst deactivation was investigated by comparing BET 
measurements for pre-reaction and post-reaction samples as shown in table 
6.15. 
Table 6.15 BET measurements pre- and post-reaction 
 
Catalyst 
BET Single Point 
Surface area 
(m2g-1) 
Average pore 
Diameter (nm) 
Pore volume 
(cm3g-1) 
10% Cu/SiO2 235 90 13.1 12.2 0.77 0.28 
10% Cu + 5% CeOx/SiO2  154 150 13.2 13.8 0.51 0.52 
10% Cu+ 5% CeOx + 0.05% Pd/SiO2 190 152 14.8 13.5 0.69 0.53 
 
The inclusion of Pd promoter did not however improve the post-reaction BET 
measurements as 10% Cu + 5% CeOx + 0.05% Pd/SiO2 showed a 20% reduction of 
surface area whereas the Cu-CeOx catalyst without Pd showed only a 2.5% 
reduction.  TPO of post-reaction samples showed evolutions of m/z 44 
corresponding to CO2 formed as a result of combustion of carbonaceous species 
on the surface of the catalyst.  No water was detected for either catalyst and 
~25% of the original sample weight was lost for both catalysts.  Therefore, the 
presence of Pd provided little improvement to the lifetime of the catalyst. 
Incorporation of a palladium promoter was found to enhance the activity and 
selectivity of the catalyst as it activated hydrogen allowing for more facile 
hydrogenation of the carbonyl group.  This catalyst rapidly deactivated through 
carbon laydown. 
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6.1.5 Commercial copper-chrome catalyst (Cu1132) 
The preparation route for Cu1132 is unknown and its exact composition is not 
clear however the type of catalyst suggests that it may have been prepared by 
co-precipitation instead of impregnation. 
Table 6.16 BET measurements for 5% Cu/SiO2 and Cu1132 
 
Catalyst 
BET Single Point 
Surface area 
(m2g-1) 
Average pore 
diameter (nm) 
Pore volume 
(cm3g-1) 
5% Cu/SiO2 236 13.9 0.82 
Cu1132 45 8.8 0.10 
 
As expected there is a significant difference in BET surface area, pore volume 
and diameter between 5% Cu/SiO2 and the commercial copper-chrome catalyst 
(table 6.16).  TGA was carried out to try to determine the effect of pre-
treatment conditions on the Cu1132.  TPO showed one main endothermic weight 
loss at 850°C and initially this was thought to be due to the reduction of Cr 
present.  To investigate whether thermal treatment had an effect on the 
catalyst, TPD using argon was carried out and the results are shown in figure 
6.24. 
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Figure 6.24 Pre-reaction TPD of Cu1132 
 
Thermal treatment of Cu1132 in argon shows similar weight Loss peaks at 100°C 
and ~800°C.  Plech et al. observed a weight loss of 3.5% above 750°C during 
thermal treatment of a copper-chromium oxide catalyst and reported the 
product of the reaction was CuCrO2, observed by XRD [143].  An endothermic 
weight loss at 820°C has been attributed to the reduction of Cu2+ to Cu+ and the 
following reaction proposed [144]: 
CuO + CuCr2O4  2CuCrO2 + Cu2O + ½O2 
The results obtained for Cu1132 correlate well with previous observations as the 
sample lost ~4% of its original weight above 750°C and mass spectrometry 
detected m/z 16 corresponding to the evolution of oxygen.  Unfortunately, XRD 
analysis of this commercial catalyst was not permitted and so the presence of 
CuCrO2 or CuO2 could not be confirmed. 
TPR of Cu1132 was conducted from room temperature to 1000˚C as reduction 
was incomplete at 500˚C.  Two weight losses were observed; an endothermic 
loss at 100°C and an exothermic loss at 365˚C, as shown in figure 6.26.   
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Figure 6.25 Pre-reaction TPR of Cu1132 
 
Mass spectrometry was used to try and determine species evolved at these 
temperatures.  Figure 6.25 shows that m/z 18 was evolved at both temperatures 
and that hydrogen was consumed at 365°C suggesting a reduction took place.  A 
two stage reduction of CuO to Cu was observed by Nagaraja et al. who studied 
Cu-MgO-Cr2O3 catalyst for furfuryl alcohol production [54].  Most of the oxidic 
copper present in the catalyst was reduced in the temperature range 250-290°C 
but complete reduction was achieved ~400-440°C.  It was thought that the first 
temperature range corresponded to the reduction of CuO to Cu2O and the higher 
temperature reduction corresponded to further reduction of Cu2O to Cu.  The 
reduction 10% CuO to Cu, as described in section 6.1.2 occurred ~300°C  but 
without knowing the catalyst composition it is difficult to determine is the 
weight lost at 365°C corresponds to the formation of elemental Cu. 
Cu1132 exhibited moderate activity but excellent selectivity to furfuryl alcohol 
with only trace levels of 2-methylfuran produced as shown in figure 6.26.   
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Figure 6.26 Product distribution for 5% Cu/SiO2 and Cu1132 at 25 h on stream 
 
 
However, the activity of the catalyst decreased with time on stream and figure 
6.27 shows the product distribution at 50 h on stream. 
Figure 6.27 Product distribution for 5% Cu/SiO2 and Cu1132 at 50 h on stream 
 
Controversy exists over the type of copper species acting as active sites for 
certain hydrogenation reactions with some reports that only Cu+ and some that 
both Cu+ and Cu act as active sites [39,42].  A Langmuir-Hinshelwood model [42] 
suggested either one type of site and competitive adsorption of furfural and 
hydrogen or the presence of two different sites, one for each reactant.  It has 
been proposed that the presence of both Cu+ and Cu is required for optimum 
selectivity to furfuryl alcohol [14].  From pre-reaction characterisation results 
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the presence of Cu+ and Cu could not be confirmed but it is feasible that these 
species are present in Cu1132. 
Severe deactivation of the copper chromite catalyst used for vapour-phase 
hydrogenation of furfural has been reported by others [34].  Several possible 
mechanisms have been proposed, such as (a) loss of the active Cu+ species by 
reduction, (b) Cu Particle sintering, and (c) active Cu site coverage by coke or 
adsorbed reactants/products.  Therefore post-reaction characterisation of the 
catalyst was carried out to try and identify the cause and extent of deactivation.  
Table 6.17 shows a comparison between pre-reaction and post-reaction surface 
areas for 5% Cu/SiO2 and Cu1132.   
Table 6.17 BET measurements for pre- and post-reaction 5% Cu/SiO2 and Cu1132 
 
Catalyst 
BET Single Point 
Surface area 
(m2g-1) 
Average pore 
Diameter (nm) 
Pore volume 
(cm3g-1) 
5% Cu/SiO2 236 128 13.9 12.6 0.82 0.40 
Cu1132 45 <1 8.8 / 0.10 0.02 
 
Cu1132, with the lowest measured BET surface area, was difficult to analyse 
post-reaction.  It is thought that all of the pores had become blocked making 
surface area measurements difficult and the results very low.  TGA and mass 
spectrometry was used to try to identify any species left on the catalyst surface 
as a result of the reaction. 
TPO of a post-reaction sample of Cu1132 showed two main weight losses and 
mass spectrometry showed the evolution of water and CO2 as shown in figure 
6.28. 
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Figure 6.28 Post-reaction TPO and mass spectrometry data for Cu1132 
 
These results are characteristic of coke formation and correlate well with 
previous studies of [120,121].  It is thought that the first weight lost corresponds 
to the combustion of soft coke which comprises mainly high-molecular weight 
aliphatic oligomers.  The higher temperature weight loss corresponds to the 
combustion of hard coke or bulkier carbonaceous compounds [121]. 
Additionally, post-reaction TPD of a sample showed the evolution of m/z 68 
around 300°C corresponding to furan which may have acted as a precursor to 
coke formation.  Unlike all of the other catalysts in this study, Cu1132 showed a 
greater weight Loss through post-reaction TPD (11.3%) rather than TPO (8.3%).  
The reason for this is there is a weight gain during TPO due to reoxidation of the 
catalyst.  This means that the overall weight loss is apparently much less than 
the TPD whereas in fact it could easily be more as the weight gain cannot be 
accurately measured because of simultaneous weight loss. 
Cu1132, a commercial catalyst used for the hydrogenation of furfural to furfuryl 
alcohol showed excellent selectivity (almost 100%) to furfuryl alcohol with only 
traces of 2-methylfuran detected.  As the composition of this catalyst was 
unknown and XRD analysis was not permitted, identification of the active species 
was difficult however it is likely that some Cu+ and Cu was present on the 
catalyst as a result of calcination and reduction.  Deactivation of the catalyst 
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occurred through the formation of coke which blocked the pores and showed a 
reduction in activity and post-reaction analysis showed the presence of aliphatic 
and aromatic coke. 
 
6.1.6 Hydrogenation of furfural 
In general, supported ceria proved to be an inactive catalyst for the 
hydrogenation of furfural to furfuryl alcohol and instead was active for the 
decarbonylation reaction producing furan.  Furan on the surface may have acted 
as a precursor for coke formation which clogged the catalyst pores inhibiting any 
further reaction. 
Silica supported copper catalysts proved to be active and selective catalysts for 
the hydrogenation of furfural to furfuryl alcohol.  Calcination caused 
decomposition of the nitrate precursor to form CuO which was subsequently 
reduced to Cu prior to reaction.  The higher the copper loading the greater the 
furfural conversion as more Cu sites were present with both catalysts achieving 
98% selectivity for furfuryl alcohol.  However catalyst deactivation was observed 
and post-reaction characterisation showed a dramatic reduction in surface area 
and pore volume and TPO confirmed that there was significant carbon laydown 
as result of the reaction. 
Promotion of copper catalysts using 1% CeOx was found to enhance the 
selectivity towards furfuryl alcohol.  5% CeOx was found to reduce the selectivity 
of the catalyst possibly by the blocking Cu active sites.  5% Cu + 5% CeOx/SiO2 
catalyst showed a slow deactivation and post-reaction XRD suggested sintering 
was the cause of deactivation.  TPD of 5% Cu + 1% CeOx/SiO2 showed desorption 
of furfural, 2-methylfuran and furan suggesting that the catalyst was poisoned 
causing deactivation.   
Incorporation of a palladium promoter was found to enhance the activity and 
selectivity of the catalyst as it activated hydrogen allowing for more facile 
hydrogenation of the carbonyl group.  This catalyst rapidly deactivated through 
carbon laydown. 
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The commercial catalyst, Cu1132, exhibited moderate activity but excellent 
selectivity (almost 100%) and deactivated slowly over 50 h compared to 5% 
Cu/SiO2.  From pre-reaction characterisation, it is possible that some Cu
+ and Cu 
was present which may have improved selectivity to furfuryl alcohol.  Through 
post-reaction analysis the cause of deactivation was formation of soft and hard 
coke which blocked pores and reduced the activity. 
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6.2 Liquid-phase hydrogenation 
The results obtained from Liquid-phase hydrogenation reactions will be discussed 
in this chapter.  Catalyst properties and reaction parameters were found to 
significantly affect the rate of hydrogenation and product distribution.   
6.2.1 4-NAP hydrogenation 
The aim of this project was to study the hydrogenation of 4-nitroacetophenone 
(4-NAP) using different Rh/SiO2 catalysts and a range of reaction conditions.  It 
was observed that hydrogenation of the -NO2 group to form 4-
aminoacetophenone (4-AAP) took place before the hydrogenation of the carbonyl 
group to give 1-(4-aminophenol)ethanol (4-APE).  Further hydrogenation of 4-APE 
Led to the production of 4-ethylaniline (4-EA), 4-ethylcyclohexylamine (4-ECHA) 
and ring saturation produced 1-(4-aminocyclohexyl)ethanol (4-ACHE) as shown in 
figure 6.29. 
Figure 6.29 Hydrogenation of 4-NAP 
 
The consecutive hydrogenation of the functional groups followed the order NO2 
>> C=O > Ph > OH, and was independent of catalyst choice or reaction 
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conditions.  It was observed that the hydrogenation of the carbonyl group was an 
order of magnitude slower than that of the nitro group, and the hydrogenation 
of the phenyl ring or the OH group was at least a factor of 2 slower than that of 
the carbonyl group as shown in table 6.18. 
Table 6.18 Consecutive hydrogenation rate constants 
Reaction 
Rate constant 
(min-1) 
4-NAP  4-AAP 1.188 × 10-1 
4-AAP  4-APE 1.61 × 10-2 
4-APE  4-ACHE /4-EA 5.9 × 10-3 
 
Hydrogenation of the nitro group occurs readily due to its strong 
electronegativity, with two electron deficient oxygen atoms bonded to a 
partially positive nitrogen atom.  Whereas, hydrogenation of 4-AAP is more 
complex due to the potential for competitive hydrogenation between the phenyl 
and carbonyl groups.  Hydrogenation of acetophenone has shown that the 
products formed are related to the catalyst used.  For example, over Pd-based 
catalysts reduction of the carbonyl group occurs followed by hydrogenation of 
the OH [93].  Whereas, when a Pt-based catalyst is used, reduction of the phenyl 
group can occur and lead to ring saturation products [26].  Likewise, for 
substituted acetophenones the choice of active metal was found and more 
prominent geometric and steric effects were observed for metals with high d-
electron densities [26].  Examination of the reaction profiles for 4-NAP 
hydrogenation reveals that no 4-APE is formed until virtually all the 4-NAP has 
reacted.  The nitro group becomes strongly adsorbed to the catalyst surface and 
is reduced to form the amine group.  The strength of the interaction of the 
amine group is much lower than the strength of adsorption of the carbonyl group 
as hydrogenation only occurs if the molecule is oriented to allow C=O access to 
the surface.  In the competitive hydrogenation of acetophenone and meta-
substituted acetophenones, the rate was found to be higher for the meta-
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substituted molecule as it was more strongly adsorbed to the catalyst than 
acetophenone [26].  The electron-withdrawing or electron-donating properties 
of substituents have been shown to affect the strength of the interaction with 
the catalyst [26].  Once the nitro group has been reduced, the electron-donating 
properties of the amine group attenuates the strength of adsorption of this 
group to the surface.  Whereas, the electron-withdrawing properties of the 
carbonyl group means it becomes more strongly bound to the catalyst surface. 
Reactions were conducted at temperatures in the range 30-60°C and kinetic 
analysis showed an activation energy of 48 ± 6 kJ mol-1 for the reduction of the 
nitro group.  This result was in good agreement with the activation energy 
determined for 3-NAP hydrogenation (44 kJ mol-1) [103].  This suggests that the 
position of the aceto-group does not influence the strength of adsorption of the 
nitro group. A Lower value of ~35 kJ mol-1 has been reported using a palladium 
catalyst [96] as may be expected when using a different metal.  Hydrogenation 
of substituted nitrobenzenes using rhodium catalysts has also shown similar 
activation energies between 53 and 57 kJ mol-1 [144] again suggesting that other 
groups do not affect the energetics of nitro adsorption. 
The initial concentration of 4-NAP did not significantly affect the rate of 
reaction and therefore a zero order dependence with respect to 4-NAP 
concentration was determined.  The reaction order in respect to hydrogen 
concentration for 4-NAP hydrogenation was calculated as first order.  These 
orders suggest strong adsorption of 4-NAP and weak adsorption of hydrogen.  
Using deuterium rather than hydrogen resulted in an overall reduction in rate of 
reaction and a reduced conversion to both aminoacetophenone and final 
hydrogenation products.  Switching from hydrogen to deuterium represents a 
100% increase in mass, therefore the isotopic rate change can be quite 
pronounced.  Since deuterium is a heavier atom this leads to a lower vibration 
frequency of the chemical bonds or, in terms of quantum mechanics, lower zero-
point energy.  This means that more energy is required to break the bond, which 
results in higher activation energy for bond cleavage and in turn reduced the 
rate of reaction.  When deuterium was used instead of hydrogen, the rate of 4-
NAP hydrogenation was much lower and a KIE equal to 3 was measured.  This 
result is indicative of a primary KIE in which hydrogen is actively involved in the 
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rate determining step.  This KIE correlates well with the magnitude of the KIE 
found for nitrobenzene hydrogenation (~2) [146].  A much lower KIE (~1.5) was 
observed for the hydrogenation of 4-AAP after 4-NAP hydrogenation which 
suggests hydrogen has less of an effect on the rate determining step. 
A series of Rh/SiO2 catalysts, shown in table 5.1, were tested and although they 
had very similar metal loadings, the rates of reaction differed for each catalyst.  
Testing of catalyst M01078 sieved to give two particle size ranges (450-250 μm 
and 125-75 μm) were tested to first establish if the catalyst particle size had an 
effect on the activity of the catalyst.  As both catalyst samples exhibited the 
same level of activity, it was concluded that particle size does not have a 
significant effect on the rate of reaction. 
An antipathetic relationship with respect to crystallite size was observed as the 
larger the crystallite the higher the TOF as shown in figure 6.30.   
Figure 6.30 TOF for reduction of nitro and carbonyl functions against crystallite 
size 
 
A similar but weaker effect was observed for 3-NAP hydrogenation over the same 
catalysts [103].  An antipathetic particle size effect has been observed for 
nitrobenzene hydrogenation over Pd/C catalysts [146], and this behaviour is 
consistent with the hydrogenation of p-chloronitrobenzene to p-chloroaniline 
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over Pt/Al2O3 catalysts [147].  The hydrogenation of p-toluidine and 4-tert-
butylaniline over Rh/SiO2 also showed a decrease in catalyst activity with an 
increase in metal dispersion [98,148].  Rhodium has a face-centred cubic (fcc) 
closed packed arrangement so as the size of the crystal increases, the number of 
face surface atoms increases at the expense of edge and corner sites [26].  This 
result suggests that the hydrogenation reaction took place on the plane face 
surface opposed to edge or corner sites.   
For the hydrogenation of the nitro group, geometrically a plane face could 
accommodate the various components and this is consistent with an antipathetic 
particle size effect. However, many crystallites will have defects and will not 
have complete crystal structures hence the change in the ratio of 
face:edge:corner atoms is not straightforward.  In addition, as the size of a 
metal particle decreases the electronic structure of the metal changes [20].  
Recently [21], it has been proposed that below 10 nm the electronic factor will 
have the largest effect on a surface sensitive reaction rather than the geometric 
factor and in this study the metal crystallites are well below 10 nm.  Such 
changes in the electronic structure will influence the strength of reactant 
bonding and so changes in reactivity may be expected.  This has been 
demonstrated in 4-NAP hydrogenation in the presence of 4-
methylcyclohexylamine; a molecule known to bind strongly to rhodium [98].  The 
rate of 4-NAP hydrogenation increased due to a weakening of the metal to 4-NAP 
bond.  In the hydrogenation of nitrobenzene over Pd/C [145] the particle size 
effect was solvent dependent suggesting that the electronic effect may be the 
dominant feature. 
The particle size effect on carbonyl reduction was smaller than that observed for 
nitro group reduction.  Hydrogenation of cinnamaldehyde showed that larger 
metal particles were found to give a higher selectivity to cinnamyl alcohol and 
this was attributed to steric effects [22].  The phenyl group present hinders the 
close approach of the C=C bonds to the surface of a large particle so the 
molecule is tilted with the C=O bond closer to the surface which means it is 
more easily activated [24].  For smaller particles, the approach of the phenyl 
group is not hindered and therefore more easily hydrogenated resulting in a 
lower selectivity to cinnamyl alcohol.  This suggests that a geometric factor has 
the greatest effect on the rate of 4-AAP hydrogenation. 
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Complete conversion of 4-NAP was achieved in only 20 min however, complete 
conversion of 3-NAP using the same catalyst reportedly took 90 min [103].    The 
rate of hydrogenation of 4-NAP has been reported to be faster than the 
hydrogenation of 3-NAP and 2-NAP [149].  This could be due to electron-
withdrawing properties of the functional groups and their relative positions.  In a 
previous study of hydrogenation of nitroacetophenones using 1% Pd/Al2O3, the 
meta-isomer exhibited the fastest rate as the cooperative position of the nitro 
and carbonyl groups facilitated hydrogenation [96].  Whereas, in a study of 3-
NAP hydrogenation over an Ir/ZrO2 catalyst, the carbonyl group competed with 
the hydrogenation of the nitro group which had a deactivating effect on the 
reaction [150].  In this study, over rhodium catalysts there was no evidence of 
carbonyl hydrogenation in the presence of the nitro group.  Through 
hydrogenation of the carbonyl group, 94% selectivity to 4-APE is achieved 
whereas a selectivity of only 80% for 3-APE was obtainable due to rapid 
conversion of 3-APE to 3-ACHE. 
Deactivation of Rh/SiO2 catalysts has been reported upon catalyst recycling for 
the hydrogenation of p-toluidine [97].  In this study, a second addition of 4-NAP 
was used to investigate any catalyst deactivation.  As the catalyst exhibited a 
similar activity to that of a fresh sample, no catalyst deactivation was evident 
after this reaction time.  Additionally, good mass balances were observed which 
is concurrent with the lack of catalyst deactivation.  Upon second addition of 4-
NAP, the same consecutive reaction was observed in that the nitro group was 
reduced prior to carbonyl reduction. 
 
6.2.2 4-AAP hydrogenation 
Reactions were carried out using 4-AAP as the main reactant to investigate the 
activity of the catalyst for carbonyl hydrogenation without a nitro group present.  
Table 6.19 shows the rate constants for the hydrogenation of 4-AAP as a single 
reactant and the rate constant calculated for the hydrogenation of 4-AAP 
following 4-NAP hydrogenation. 
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Table 6.19 Rate constants for 4-AAP reactions 
Reactant 
4-AAP 
Single After 4-NAP 
k (min-1) 1.1 × 10-2 2.3 × 10-2 
 
The table shows that the rate constant for 4-AAP hydrogenation after 4-NAP 
hydrogenation is double that found for the hydrogenation of 4-AAP as the main 
reactant.  This is a remarkable effect as there is no 4-NAP in the system when 4-
AAP is being hydrogenated.  It is this enhancement in rate that allows the high 
selectivity to 4-APE, when 4-AAP was the main reactant the differential in rate 
of hydrogenation between 4-AAP and 4-APE was not sufficiently large to allow 
high selectivity to 4-APE.  However, the rate enhancement seen for 4-AAP 
hydrogenation after 4-NAP hydrogenation allowed a high selectivity to 4-APE.  A 
similar effect has been observed for the hydrogenation of 1-pentene following 
hydrogenation of 1-pentyne [151] as the rate was found to be faster by a factor 
of twenty compared to hydrogenation of 1-pentene as a single reactant.  It was 
proposed that this rate enhancement was due to more facile hydrogen transfer 
as a result of carbon laydown [151].  In this study there was little evidence of 
carbon laydown as good mass balances were obtained.  Nevertheless changes to 
the catalyst structure allowing an enhanced hydrogen concentration may be the 
cause of the rate increase as reactions involving deuterium showed a primary KIE 
in which hydrogen is actively involved in the rate determining step.  
Additionally, the order of reaction with respect to hydrogen was calculated to 
be first order showing that as the hydrogen concentration increases the rate of 
reaction increases.  Recently, a study of allylbenzene hydrogenation over 
Rh/SiO2 showed that the hydrogen concentration in the metal could be affected 
by hydrocarbon adsorption resulting in changes in reactivity [152].  Begley et al. 
showed that the adsorption of allylbenzene inhibited the fast diffusion of 
hydrogen to sub-surface which promoted isomerisation of internal alkenes rather 
than hydrogenation.  Other studies have also compared Rh to Pd in its ability to 
adsorb hydrogen under certain conditions to form sub-surface hydrogen [153] 
and reconstruction of the surface through adsorption causing open diffusion 
channels to the sub-surface have been discussed [154]. 
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For reactions where 4-AAP was the starting material, the activation energy for 
the reduction of the carbonyl group was calculated to be 48 ± 2 kJ mol-1.  For the 
reduction of the carbonyl group after 4-NAP hydrogenation the activation energy 
was calculated to be 53 ± 8 kJ mol-1.  Considering the errors, these values cannot 
be considered significantly different and in a previous study the activation 
energy for hydrogenation of acetophenone was reported as ~50 kJ mol-1 [155].  
This suggests that the presence of the amino group in the para position has little 
effect on the energetics of the carbonyl group hydrogenation.  The KIE 
calculated for 4-AAP hydrogenation was lower than the KIE calculated for 4-NAP 
hydrogenation, at 1.6/1.2 which may suggest a mechanism involving an adsorbed 
enol form of 4-AAP as shown in figure 6.31.   
Figure 6.31 Keto-enol tautomerisation 
 
However, a study conducted by Bonnet et al. [156], using acetophenone-d3, 
showed that hydrogenation over a Pt/Al2O3 catalyst proceeded through the keto-
form and no significant keto-enol tautomerisation took place.  A KIE value of 1.4 
± 2 obtained for 4-AAP hydrogenation is in keeping with the reported value for 
acetone hydrogenation over a platinum catalyst (~2) [157].  This has been 
interpreted as the addition of H/D to a π-adsorbed sp2 hybridised C=O bond to 
form an sp3 hybridised half-hydrogenated intermediate [157, 158]. 
 
6.2.3 Competitive hydrogenation 
Competitive hydrogenation of 4-NAP and 4-AAP was investigated to determine 
the effect of 4-NAP on 4-AAP hydrogenation and vice versa in a competitive 
reaction as distinct from reactions involving a single reactant.  Reactions were 
carried out using a 1:1 ratio at the same concentrations as the individual 
reactions and the rate constants are shown in table 6.20.   
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Table 6.20 Rate constants for 4-NAP and 4-AAP competitive hydrogenation 
Reactant 
4-NAP 4-AAP 
Single 1:1 4-AAP Single 1:1 4-NAP 
k (min-1) 1.2 × 10-1 1.25 × 10-1 1.1 × 10-2 1.0 × 10-2 
 
From the table it can be seen that the rate constant for the hydrogenation of 4-
NAP was unchanged relative to 4-NAP hydrogenation in the absence of 4-AAP.  
Moreover, the rate constant for 4-AAP hydrogenation was also unchanged (within 
experimental variation) relative to 4-AAP as the sole reactant.  On the basis of 
competition for space on the catalyst surface, a reduction in both rates would 
be expected; the antipathetic particle size effect observed for both 4-NAP and 
4-AAP hydrogenation would suggest that both molecules would compete for the 
plane face surface of Rh crystallites, however the absence of a reduction in rate 
suggests that 4-NAP and 4-AAP are not competing for the same sites.  Indeed 
although 4-AAP is present from the beginning of the reaction conversion does not 
take place until almost all of the 4-NAP has been converted which suggests that 
4-NAP blocks 4-AAP hydrogenation. 
Interestingly, the presence of 4-AAP in the reaction mix from the outset has an 
negative effect on the rate enhancement seen for 4-AAP hydrogenation after 4-
NAP hydrogenation (1.1 x 10-2 min-1 c.f. 2.3 x 10-2 min-1).  This suggests that in a 
competitive reaction, the presence of 4-AAP during 4-NAP hydrogenation inhibits 
any changes to the catalyst that facilitates the rate enhancement.  It is possible 
that adsorption of 4-AAP occurs on a site that does not facilitate hydrogenation 
yet may change the ability of the Rh to facilitate sub-surface hydrogen. 
Aromatic amines, such as 4-AAP, are weak bases (pKb 11.83) whereas alicyclic 
amines are much stronger bases (pKb 3.42) and hence a much stronger 
interaction with the metal can be achieved. Therefore the addition of 4-
methylcyclohexylamine (4-MCHA) was expected to hinder the hydrogenation of 
4-NAP in line with previous studies, which reported it acting as a catalyst poison 
[159,160] as it becomes strongly adsorbed and blocks active sites [97,98].  
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However, instead the presence of 4-MCHA had a promoting effect on both 4-NAP 
and 4-AAP hydrogenation as shown by the rate constants in table 6.21. 
Table 6.21 Rate constants for 4-NAP and 4-AAP hydrogenation with 4-MCHA 
4-NAP (min-1) 4-AAP (min-1) 
Single 
With     
4-MCHA 
Single With 4-MCHA After  4-NAP 
After 4-NAP 
with 4-MCHA 
1.2 x 10-1 TFa 1.1 × 10-2 2.1 × 10-2 2.3 × 10-2 2.7 × 10-2 
areaction proceeded too fast to measure the rate 
The presence of 4-MCHA was also found to promote the rate of 4-AAP 
hydrogenation following 4-NAP hydrogenation slightly.  Rate enhancements due 
to the presence of an amine have been reported [161-163], and it was thought 
that the amine modified the surface through electron donation and so changed 
the surface-reactant bonding.  In this study, it is clear that 4-NAP forms a strong 
bond to the surface as shown by the zero order kinetics and the inhibition of 4-
AAP hydrogenation, so a reduction in the strength of 4-NAP adsorption would 
enhance the rate of 4-NAP hydrogenation.  Hence a reduction in the strength of 
adsorption of the 4-NAP due to the alicyclic amine donating electron density to 
the rhodium is Likely to result in a rate enhancement  
The rate hydrogenation of 4-AAP following 4-NAP hydrogenation was significantly 
enhanced compared to the rate of 4-AAP hydrogenation as a single reactant, 
however the rate of 4-AAP hydrogenation is equally enhanced in the presence of 
4-MCHA.  Given that 4-AAP is not strongly bound to the surface it is unlikely that 
weakening the carbonyl interaction would lead to an enhanced rate.  It was 
proposed that the rate enhancement found for 4-AAP after 4-NAP hydrogenation 
was due to changes in hydrogen concentration in the rhodium facilitated by 
strong adsorption of 4-NAP resulting in structural changes which enabled routes 
for hydrogen to go sub-surface.  Given that 4-MCHA is also strongly adsorbed it is 
not unreasonable to assume that it also causes a surface reconstruction that 
facilitates facile 4-AAP hydrogenation in a similar process to that of 4-NAP.   
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6.2.4 Hydrogenation of 4-nitroacetophenone 
The hydrogenation of 4-nitroacetophenone has been investigated using a series 
of Rh/SiO2 and different reaction conditions.  Regardless of catalyst or 
conditions, the reduction of functional groups followed the order NO2 >> C=O > 
Ph > OH.  Reduction of the nitro group occurs readily due to its strong 
electronegativity with 4-NAP blocking the hydrogenation of 4-AAP.   
As the rhodium crystallite increased the TOF for 4-NAP and 4-AAP also increased 
revealing an antipathetic relationship between crystallite size effect and TOF.  
The particle size effect on carbonyl reduction was smaller than that observed for 
nitro group reduction.  As the carbonyl group was hydrogenated preferentially 
over the phenyl group it is thought that 4-AAP must approach the catalyst tilted 
with the C=O bond closer to the surface for reduction of this functional group to 
occur.  This suggests that a geometric factor has the greatest effect on the rate 
of 4-AAP hydrogenation. 
The rate constant for 4-AAP hydrogenation after 4-NAP hydrogenation is double 
that found for the hydrogenation of 4-AAP as the main reactant, and it is this 
enhancement in rate that gives the high selectivity to 4-APE.  This rate 
enhancement may be due to a surface reconstruction allowing easier hydrogen 
transfer or the presence of sub-surface hydrogen as first order dependence for 
hydrogen was determined and a primary KIE showing that H2 is actively involved 
in the rate determining step.  In competitive reactions, it is thought that the 
presence of 4-AAP from the outset caused significant reduction to this rate 
enhancement by adsorbing to a site not used for hydrogenation yet changes the 
ability of Rh to facilitate sub-surface hydrogen. 
The addition of the acyclic amine, 4-MCHA has a promoting effect on both 4-NAP 
and 4-AAP hydrogenation by modifying the surface of the catalyst by electron 
donation.  Such a modification would reduce the surface-reactant bond strength 
and in this study, it is clear that 4-NAP forms a strong bond to the surface as 
shown by the zero order kinetics and the inhibition of 4-AAP hydrogenation, so a 
reduction in the strength of 4-NAP adsorption would enhance the rate of 4-NAP 
hydrogenation. 
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7 Conclusions 
This study has successfully demonstrated that the control of selectivity during 
hydrogenation of multi-functional compounds can be modulated by a number of 
variables such as the interaction of the reactants and intermediates with the 
catalyst, particle size, promoters, steric factors and adsorption geometries.   
For the selective hydrogenation of furfural to furfuryl alcohol, Cu/SiO2 catalysts 
were investigated as an alternative to the traditional copper-chromite catalyst.  
Calcination caused decomposition of the nitrate precursor to form CuO which 
was subsequently reduced to Cu prior to reaction.  The higher the copper 
loading the greater the furfural conversion as more Cu sites were present with 
both 5% Cu/SiO2 and 10% Cu/SiO2 achieving 98% selectivity for furfuryl alcohol.  
However catalyst deactivation was observed and post-reaction characterisation 
showed a dramatic reduction in surface area and pore volume and TPO 
confirmed that there was significant carbon Laydown as result of the reaction. 
The addition of 1% CeOx was found to enhance the selectivity of Cu/SiO2 
however 5% CeOx blocked Cu sites and reduced activity.  The presence of Ce
3+ 
sites polarised the carbonyl bond in furfural promoting nucleophilic attack by 
hydrogen dissociated on Cu.  Incorporation of a palladium promoter was found to 
enhance the activity and selectivity of the catalyst as it activated hydrogen 
allowing for easier hydrogenation of the carbonyl group.  
Catalyst deactivation was observed for all catalysts and attributed mainly to the 
interaction of reactants and/or products with the catalyst.  5% CeOx/SiO2 was 
found to deactivate rapidly due to decarbonylation of furan by-product which 
led to coke formation, blocking catalyst pores.  Cu-CeOx catalysts were found to 
deactivate by sintering, carbon laydown or by-products such as 2-methylfuran 
poisoning the catalyst. 
The commercial copper-chrome catalyst (Cu1132) exhibited moderate activity 
but excellent selectivity (almost 100%) and deactivated slowly over 50 h 
compared to 5% Cu/SiO2.  From pre-reaction characterisation, it is possible that 
some Cu+ and Cu was present, which may have improved selectivity to furfuryl 
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alcohol.  Through post-reaction analysis the cause of deactivation was formation 
of soft and hard coke which blocked pores and reduced the activity. 
As little literature exists surrounding the hydrogenation of 4-nitroacetophenone 
(4-NAP), a systematic study was carried out to investigate the effect of 
temperature, pressure, concentration and the presence of an aliphatic amine on 
the consecutive reaction.  Reactions were conducted in the Liquid-phase, over a 
series of 2.5% Rh/SiO2 catalysts, with both hydrogen and deuterium to ascertain 
the rate determining step. 
Over Rh/SiO2 catalysts the consecutive hydrogenation of 4-NAP was observed 
with functional group hydrogenation following the order of NO2 >> C=O > Ph > 
OH.  The nitro group was hydrogenated approximately an order of magnitude 
faster than the carbonyl group, while hydrogenation of either the phenyl ring or 
the alcohol function was a factor of two slower than carbonyl hydrogenation.  
This combination of kinetic controls allowed high selectivity to 4-AAP (99%) and 
4-APE (94%) to be achieved at different times in the reaction. 
Full kinetic analysis of the reaction system gave activation energies of ~48 kJ 
mol-1 for 4-NAP and 4-AAP hydrogenation, with orders of reaction of ~1 for 
hydrogen and a zero order dependence for 4-NAP.   
The rate constant for 4-AAP hydrogenation after 4-NAP hydrogenation is double 
that found for the hydrogenation of 4-AAP as the main reactant and it is this 
enhancement in rate that allows the high selectivity to 4-APE.  This rate 
enhancement may be due to a surface reconstruction allowing easier hydrogen 
transfer or the presence of sub-surface hydrogen as first order dependence for 
hydrogen was determined and a primary KIE showing that H2 is actively involved 
in the rate determining step.  In competitive reactions, it is thought that the 
presence of 4-AAP from the outset caused significant reduction to this rate 
enhancement by adsorbing to a site not used for hydrogenation yet changes the 
ability of Rh to facilitate sub-surface hydrogen. 
The addition of the acyclic amine, 4-MCHA has a promoting effect on both 4-NAP 
and 4-AAP hydrogenation by modifying the surface of the catalyst by electron 
donation.  Such a modification would reduce the surface-reactant bond strength 
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and in this study, it is clear that 4-NAP forms a strong bond to the surface as 
shown by the zero order kinetics and the inhibition of 4-AAP hydrogenation. 
The rate hydrogenation of 4-AAP following 4-NAP hydrogenation was equally 
enhanced in the presence of 4-MCHA.  As 4-AAP is not strongly bound to the 
surface it is unlikely that weakening the carbonyl interaction would lead to an 
enhanced rate.  The rate enhancement observed for 4-AAP hydrogenation after 
4-NAP hydrogenation has been attributed to changes in hydrogen concentration 
in the rhodium by strong adsorption of 4-NAP.  As 4-MCHA is also strongly 
adsorbed it is not unreasonable to assume that it can also cause a reconstruction 
leading to easier 4-AAP hydrogenation by a similar process. 
An antipathetic relationship of negative crystallite size effect was observed as 
the Larger the crystallite the higher the TOF for 4-NAP and 4-AAP.  Rhodium 
crystals have a fcc arrangement, so as the size of the crystal increases, the 
number of face surface atoms increases at the expense of edge and corner sites 
[26].  This result suggests that the hydrogenation reaction took place on the 
plane face surface opposed to edge or corner sites.  
The particle size effect on carbonyl reduction was smaller than that observed for 
nitro group reduction.  As the carbonyl group was hydrogenated preferentially 
over the phenyl group it is thought that 4-AAP must approach the catalyst tilted 
with the C=O bond closer to the surface for reduction of this functional group to 
occur.  This suggests that a geometric factor has the greatest effect on the rate 
of 4-AAP hydrogenation. 
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